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Recently, transition metal dichalcogenides (TMDs) have attracted increasing research 
interest as promising two-dimensional materials for a range of electronic and 
optoelectronic applications and for the fundamental science that can be studied in them. 
This interest stretches beyond the properties of pure TMD materials, with an increasing 
number of reports on doped-TMD and TMD alloys to increase the functionality of these 
materials. For example, by substituting or alloying the metals or chalcogens of the TMDs, 
it is possible to tune their electronic structure.    
In this thesis, single crystals of pure TMDs and of TMD alloys have been synthesised 
via chemical vapor transport (CVT). Techniques for the fabrication of van der Waals 
stacks with artificial sequences have been developed, specifically to allow the direct 
measurement of atomic and electronic structure in the alloys and to correlate these 
properties to optical spectroscopy measurements. 
The atomic structure of Mo1-xWxS2 alloys are visualised by annular dark field (ADF) 
scanning transmission electron microscopy (STEM). Statistical analysis of the images 
allows the atomic distributions to be compared to those from Monte Carlo simulations 
and first principles calculations. Mo1-xWxS2 alloys show random distributions as expected 
from thermodynamic considerations. The evolution of the band structure of the Mo1-
xWxS2 alloys is determined by angle-resolved photoemission spectroscopy (ARPES) 
measurements and compared to first principles calculations. Combined, these results 
demonstrate that TMD alloying is a powerful approach for band structure engineering.  
In contrast to the Mo1-xWxS2 alloys, short-range ordering is found in Nb0.1W0.9S2, with 
the Nb atoms forming atomic lines along one of the equivalent crystallographic 
directions. This ordering is confirmed by quantitative statistical analysis through the 
Warren-Cowley short-range order (SRO) parameters. Meanwhile, density function theory 
(DFT) calculations have been applied to explain this ordering, revealing this structure 
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1 
Chapter 1: Electronic Properties of 
TMDs and TMD Alloys 
1.1 Two-dimensional (2D) materials and their heterostructures   
The development of the semiconductor industry has followed Moore’s Law: the 
number of transistors in a dense integrated circuit (IC) doubles roughly every two years1. 
As a result, the feature size of silicon transistors is approaching the quantum limit. This 
motivates the exploration and development of new alternative materials for electronics 
and optoelectronics1,2. The family of two-dimensional (2D) materials represents a 
promising candidate due to their physical scaling properties and their novel behaviours in 
the atomically thin regime3–6.  
The first report of the isolation and electrical characterisation of graphene was A. K. 
Geim and K. Novoselov in 2004 at University of Manchester7. Soon afterwards, they 
were awarded the Nobel prize in Physics in 2010 “for ground-breaking experiments 
regarding the 2D material graphene” 8. Although it has been a decade since the discovery 
of graphene, this field is still young and in its early stages compared to traditional three-
dimensional semiconductor electronics9.    
A typical 2D material is isolated from a 3D layered structure, where strong covalent 
bonds provide in-plane stability within each layer, while weak van der Waals force 
between adjacent layers keeps the layers together5. In principle, hundreds of materials 
fulfil these conditions. However, since the melting temperature decreases with reducing 
thickness of materials and most materials survive via forming naturally passivated 
surfaces under ambient condition5,10, 2D materials with high thermal and chemical 
stability so that they can exist in atomically thin form are not so abundant.    
In general, 2D materials cover three sub-groups within the 2D family: the graphene-
like sub-group that includes graphene, hBN, BCN, fluorographene and graphene oxide 
etc.; the 2D chalcogenide-like sub-group such as MoS2, WS2, MoSe2, WSe2, ZrS2, NbSe2 
and InSe etc.; and 2D oxides that involve micas, MoO3, MnO2, perovskite-type and 
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hydroxides5,11. This includes a diverse range of electronic properties, from insulators such 
as hBN, semiconductors like MoS2 and WS2 etc., semimetals including MoTe2 and WTe2 
etc., metals like VSe2, and superconductors such as NbS2 and NbSe2 etc.5,11 
These materials in their monolayer form have novel properties and show promise for 
electronic and optoelectronic applications. But this is over-shadowed by the potential for  
fabricating artificial stacks at the atomic scale by combining this extensive library of 2D 
materials to form heterostructures with selectable material properties, opening up the 
possibility to create novel hybrid structures that display new physics and enable unique 
functionality5,6,12. 
There are many reports using van der Waals stacks in devices to engineer improved 
optoelectronic performance. For example, field-effect tunnelling transistors (FETTs) with 
a tunnelling junction formed by graphene combined with semiconductor and insulator 2D 
crystals can achieve a high on-off ratio of 106 for WS213 and 103 to 104 for MoS214 as the 
semiconductors. Another example is simple and efficient phototransistors that are 
composed of a combination of graphene and transition metal dichalcogenides (TMDs) as 
a channel material. These TMDs are light-sensitive materials such that charge can be 
generated and controlled via illumination5,6. When the light sensitive materials are 
replaced by TMD heterostructures that stack different single layer TMDs (e.g. 
MoS2/WSe2) with different work functions, this can lead to photoexcited electron and 
 
Figure 1.1. The two-dimensional (2D) library. Monolayers proved to be stable under ambient 
conditions are in blue colour, those properly stable in air are in green, the materials in pink are 
unstable in air but properly stable in inert atmosphere, and the grey colour are material 
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holes accumulating in different layers, so giving rise to indirect excitons6,15. Moreover, 
more complicated heterostructures composed of p- and n-doped TMDs can form an 
atomically sharp p-n junction, combining for example GaTe and MoS26,16,17. This kind of 
device is extremely efficient in carrier separation, demonstrating very high quantum 
efficiency16. All of these can be made by simply stacking 2D layers of different materials. 
To fulfil this potential and to explore the possible combinations of 2D materials, there 
has been rapid development in the techniques required for the fabrication of van der 
Waals solids with artificial sequences18. The approaches can be divided into two broad 
categories: synthesis and transfer. Synthesis most commonly involves chemical vapor 
deposition (CVD)11,19 or physical vapor deposition11,19, while many techniques have been 
developed for transfer of the layers as will be discussed in detail in Chapter 3.  
1.2 Transition metal dichalcogenides (TMDs) 
Among all these 2D materials, the TMDs are one of the most significant sets of 
building blocks for artificial van der Waals stacks11,12,20,21. TMDs have unique layer-
dependent properties, such as direct bandgaps in monolayer form that lead to strong 
photoluminescence (PL) emission and potential applications in optoelectronics such as 
photovoltaics and solar cells etc.21 Therefore, the TMD family has attracted increasing 
 
Figure 1.2. Layered transition metal dichalcogenides (TMDs) MX2 indicated on a periodic 
table. The transition metals (M) are highlighted, while the chalcogen atoms (X) are in orange. 
The partially highlighted metals indicate those for which only some of the dichalcogenides 
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attention and there is an explosive increase in the number of publications on these 
materials20,21. 
The TMDs are also a big family with up to 40 different categories, covering a wide 
range of electronic properties from insulating to semiconducting to superconducting21,22. 
Their chemical formula is MX2, in which M is a transition metal atom and X a chalcogen 
atom21. As shown in Figure 1.2, the highlighted group 4-7 transition metals can combine 
with the orange-highlighted chalcogens to form MX2, while for the metals with partial 
highlighting only some of them form MX221. Unlike single-atom-thick graphene, the MX2 
layers are composed of a layer of transition metal atoms sandwiched between two layers 
of chalcogen atoms, as shown in Figure 1.321–23.  
The most extensively studied TMD materials, for their novel optical and electronic 
properties, are the MoWSeS group of MX2 where M represents Mo and W, while X is S 
and Se. 
1.2.1 Crystal structure of MoWSeS MX2  
 In the bulk form, TMD layers are held together by weak van der Waals force that 
enable exfoliation23. The TMDs are usually found in three polytypes 1T (trigonal), 2H 
(hexagonal) and 3R (rhombohedral) as shown schematically in Figure 1.423. For the most 
common 2H polytype/stacking, they have a unit cell of a bilayer with space group 
 
Figure 1.3. Crystal and reciprocal lattice of MX2 monolayers. (a) Honeycomb lattice structure 
of MX2 monolayer. (b) Side view of MX2 monolayer. (c) The reciprocal lattice with Brillouin 
zones (BZ) and high-symmetry points marked, adapted from Ref. 26. 
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P63/mmc (in Figure 1.4b) and restored inversion symmetry11,23. The lattice parameters 
within the layers of the TMD are a = b = 3.16 Å, varying slightly for each of the MoWSeS 
group, and it is normally made of three stacked layers X-M-X as shown in Figure 1.3b11. 
For 3R polytype/stacking, they have a unit cell of a trilayer with space group R3m (in 
Figure 1.4b) and broken inversion symmetry11. These different stack sequences in bulk 
crystals can give different properties e.g. band structures and Raman shifts11,24,25.  
 The monolayer structure can be described in 2D. The primitive lattice vectors, 𝒂𝒂𝟏𝟏 and 




(√3𝒙𝒙� + 𝒚𝒚�),  𝒂𝒂𝟐𝟐 =
𝑎𝑎
2
(−√3𝒙𝒙� + 𝒚𝒚�).  1. 1 











𝒌𝒌𝒙𝒙� + 𝒌𝒌𝒚𝒚�).  1. 2 
The first Brillouin zone (BZ), defined as the Wigner-Seitz cell in reciprocal space, of 
a 2D layer of MX2 is shown in Figure 1.3c26,27 with high-symmetry points labelled. These 
groups of wave vectors are important since the invariance of the Hamiltonian under 
symmetry operations can lead to degeneracies at these high-symmetry points or directions 
in the BZ11,26. The K points are the corners of the hexagonal BZ, and they can be divided 
into K and -K due to lack of inversion symmetry in the real lattice of TMD crystals11,22,26. 
 
Figure 1.4. Atomic structure of TMD crystals. (a) Schematics of a few layer MX2. (b) 
Schematics of 2H, 3R and 1T MX2 polytypes. Adapted from Ref. 23.  
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Meanwhile the M point is at half of a reciprocal basis vector as shown in Figure 
1.3c11,22,26.  
1.2.2 Electronic (band) structure of TMDs 
1.2.2.1 Indirect-to-direct gap transitions  
The weak interactions between layers are still significant enough to cause important 
changes in electronic structure with thickness. For the 2H polytypes of the MoWSeS 
group, the signature is a change from being indirect band gap semiconductors in bulk or 
multilayer materials, to being direct gap semiconductors in their monolayer form, 
fundamentally altering their optical response23,28,29. These changes are captured by first 
 
Figure 1.5. Band structure of bulk and monolayer MoS2 via density function theory (DFT) 
calculations. (a) Band structure of bulk 2H-MoS2. (b) Band structure of monolayer MoS2. (c) 
and (d) Schematic drawings of low energy bands in bulk and monolayer MoS2, respectively. 
Adapted from Ref. 28. 
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principles calculations, as shown in Figure 1.5. For bulk materials, the conduction band 
minimum (CBM) is located at a point Q along 𝚪𝚪 to K and the valence band maximum 
(VBM) at 𝚪𝚪 (see Figure 1.3c for the position of these high-symmetry points). For 
monolayers, both the CBM and VBM are located at high symmetry valley points ±K (the 
corners of the first BZ).  
 The bandgap narrows from monolayer to bulk, showing that the change in band 
position is due to the interactions between layers that result in dispersion in kz for some 
of the bands. For MoS2, at the valence band (VB) edge at the K point the states are 
primarily composed of 𝑑𝑑𝑥𝑥𝑥𝑥 and 𝑑𝑑𝑥𝑥2−𝑥𝑥2 orbitals of the metal hybridized with 𝑝𝑝𝑥𝑥 and 𝑝𝑝𝑥𝑥 
orbitals of the chalcogen atoms22,28. These are all oriented within the plane of the layer, 
as a result they have almost no kz dispersion and so do not change with thickness. 
 
Figure 1.6. Photoluminescence (PL) spectra of MoS2 samples with different thickness. (a) PL 
spectra for mono- and bilayer MoS2 flakes. (b) PL spectra, normalised by the intensity of peak 
A, of thin layers of MoS2 for layer number N = 1 to 6. (c) Optical gap energy as a function of 
layer number, the dashed line represents the band gap energy of bulk MoS2. Adapted from 
Ref. 29. 
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Similarly, the main contribution to the conduction band (CB) edge at K is from the 
𝑑𝑑3𝑧𝑧2−𝑟𝑟2 orbital of the metal with minor contributions from 𝑝𝑝𝑥𝑥 and 𝑝𝑝𝑥𝑥 orbitals of the 
chalcogens22,28. Again, these orbitals are localised in the xy plane and are not affected by 
the distance between layers along the z axis22,28. By contrast, the states at the VB edge at 
the 𝚪𝚪 point originate from a linear combination of 𝑝𝑝𝑧𝑧 orbitals of S atoms and 𝑑𝑑𝑧𝑧2 orbitals 
of Mo atoms, they are rather delocalised and have an antibonding nature22,28. They are 
oriented perpendicular to the layers and when the interlayer distance increases the 
interaction between layers decreases, leading to a lowering in energy of these antibonding 
states11,22,28. Therefore, the strong kz dispersion of the states at 𝚪𝚪 result in a strong layer 
dependence to their VB edge, resulting in an increase in band gap as the thickness is 
decreased and eventually the indirect to direct band gap transition in the monolayer limit.   
The first experimental evidence for the validity of these first principles calculations 
came from PL measurements29,30. PL emission from monolayer MoS2 shows a strong 
peak at around 1.9 eV which corresponds to its optical gap29, Figure 1.6. As the thickness 
of MoS2 increases to 2 layers, the intensity of the PL peak drastically decreases by more 
than an order of magnitude as shown in Figure 1.6a which can be attributed to the indirect-
to-direct band transition29,30. Moreover, the peak redshifts and broadens, approaching the 
indirect optical gap of 1.29 eV as the layer number increases, as shown in Figures 1.6b 
and 1.6c29. Qualitatively similar results are obtained from both the first principles 
calculations and PL measurements of the other materials MoSe2, WS2 and WSe231,32.  
1.2.2.2 Optical and electronic gap 
The band gaps of 1H-MX2 monolayers can be measured by transport or optical 
methods, however, they give different results because of the excitonic effects in optical 
processes11,22. The electronic band gap is defined as the sum of the energy required to 
tunnel an electron and a hole into the system, separately33,34. The optical band gap is the 
energy to create an exciton: during the optical excitation process the absorption of a 
photon creates an electron in the CB and a hole in the VB which combine to form an 
exciton due to the Coulomb interaction22,23. The exciton binding energy decreases the 
optical gap relative to the electronic gap, and in monolayer TMD it can be large, up to 
several hundred meV. 
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The optical band gaps can be determined by PL measurements, as shown in Figure 1.6, 
while the electronic band gaps can be revealed by scanning tunneling spectroscopy 
(STS)33,34 or angle-resolved photoemission spectroscopy (ARPES) as shown in Figure 
2.1735. First-principles calculations are also widely applied to determine the band gaps 
and the excitonic effects in monolayers, as shown in Figure 1.5b. The exciton binding 
energy can be obtained from the difference between the electronic and optical band 
gaps22. 
1.2.2.3 Spin-orbit coupling (SOC) splitting  
Spin-orbit coupling (SOC) arises from the interaction between the magnetic moments 
of the electron spin and the orbital momentum of the shell electrons of atoms36,37. The 
SOC is significant in TMD and plays an important role in determining the optoelectronic 
properties of these materials. Including SOC in density functional theory (DFT) 
calculations of MX2 monolayers, a sizable spin splitting is found in their electronic band 
structures, as shown in Figure 1.738.  
The spin splitting at the K valley of the VBM caused by SOC and inversion symmetry 
breaking can be fully determined by symmetry analysis22. The first restriction is mirror 
symmetry: under the mirror reflection operation about the metal plane, the in-plane spin 
vector is its opposite, while the out-of-plane spin vector remains the same. Therefore the 
spin splitting has to be along the z direction (out-of-plane)22. Due to time reversal 
symmetry, the spin splitting at an arbitrary pair of momentum space points K and –K 
must have identical magnitude but opposite sign22. Inversion symmetry conflicts with the 
time reversal symmetry such that inversion symmetry breaking is a necessary condition 
for band splitting22. 
The two excitonic absorption peaks observed in Figure 1.6b, labelled as A and B, 
originate from the SOC splitting of the direct gap transition at the K point, as indicated 
by the arrows in Figure 1.7c. The energy difference between the A and B peaks is related 
to the strength of the SOC: it is stronger in WX2 (around 400 meV)32,39 than MoX2 
(around 160 meV)39,40. This is also consistent with first principles calculations as shown 
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in Figure 1.738. Note that the SOC splitting at K cannot be directly determined from the 
optical measurements: equating the difference between the A and B exciton peaks to the 
magnitude of the SOC splitting makes several assumptions, such as that the exciton 
binding energies of the A and B excitons are the same. 
1.2.2.4 Spin-valley locking  
As a result of the giant SOC, the VBM in monolayer TMDs has the spin index locked 
with the valley index. For example, valley K (-K) has only the spin up (down) holes as 
shown schematically in Figure 1.8a41. Another consequence of the SOC is that the valley-
dependent selection rules also become spin dependent22,42,43. This selection rule gives the 
possibility of quantum control of the valley pseudospin through e.g. optical generation 
 
Figure 1.7. Electronic band structures for the MX2 monolayers. Electronic band structures 
calculated for (a) MoS2, (b) MoSe2, (c) WS2 and (d) WSe2 monolayers, with SOC in solid lines 
and without SOC in dotted lines, respectively. Adapted from Ref. 38. 
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and detection of valley polarization and valley coherence41,43. For example, valley 
polarization can be achieved by the polarization of the optical excitation, carried out 
experimentally by polarization resolved PL measurements41.  
Figure 1.8b shows PL spectra from monolayer WS2 at 10 K41. The PL is dominated by 
the emission from the band-edge excitons (A exciton) at K and -K valleys41. The excitons 
carry a clear circular dichroism under near resonant excitation with circular polarization, 
confirming the valley-selective optical selection rules: the right-hand (𝜎𝜎 +) polarization 
corresponds to the interband optical transition at K valley41,44. The degree of circular 
polarization can be defined as41,44 
 𝑃𝑃 = 𝐼𝐼(𝜎𝜎+)−𝐼𝐼(𝜎𝜎−)
𝐼𝐼(𝜎𝜎+)+𝐼𝐼(𝜎𝜎−)
 ,  1. 3 
in which 𝐼𝐼(𝜎𝜎 +) is the intensity of the right-handed circular polarization component, 
while 𝐼𝐼(𝜎𝜎 −) is the intensity of the left-handed circular polarization41. Under 𝜎𝜎 + 
excitation, the degree of circular polarization is found to be 𝑃𝑃 = 0.441. 
 
Figure 1.8. Optical selection rule. (a) Schematic diagram of the band structure at the band 
edges located at the ±K points. (b) Polarization resolved PL spectra of monolayer WS2 under 
𝜎𝜎 + (right hand circularly polarized) excitation at 10 K, adapted from Ref. 41. 
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1.2.3 Applications  
As described above, TMDs exhibit unique electrical and optical properties making 
them promising candidate for a variety of optoelectronic applications such as solar cells45, 
photodetectors46, light-emitting diodes17 and phototransistors47.  
For phototransistors, photons of energy greater than the band gap incident on a 
semiconductor create bound electron-hole pairs (excitons) or free carriers depending on 
the exciton binding energy in the semiconductor11. The bound excitons are separated by 
an applied or built-in electric field, generating a photocurrent11. A typical TMD-based 
photodiode is show in Figure 1.9a. When a laser with 514 nm excitation illuminates the 
MoS2, a highly distinct photo-response can be observed under different gate voltages in 
scanning photocurrent mapping, as shown in Figure 1.9b48. By varying the thickness of 
the MoS2 layer, as the band gap changes the detection range of the phototransistor can be 
tuned to absorb light of different wavelengths from ultraviolet (UV) to infra-red49. 
In general, there are three basic types of van der Waals heterostructures that have been 
explored as unique platforms for creating tunable photodetectors6,11,49. The first type has 
been shown in Figure 1.9. Figure 1.10b shows a device constructed from a p-n diode 
composed of a p-type and an n-type TMD flake. This kind of detector can achieve 
dynamic modulation of the diode characteristics, e.g. photoresponsivity and gain, since 
 
Figure 1.9. MoS2-based van der Waals heterostructure optoelectronics. (a) Schematic diagram 
of the van der Waals vertical photodiode structure. (b) Colored scanning electron microscope 
image (left); scanning photocurrent images at gate voltage of -60 V (middle) and +60 V (right) 
under 514 nm laser excitation. Adapted from Ref. 48. 
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the majority carrier density can be tuned by applying external gate electric fields12,17,50. 
However, the carrier mobility of these devices is low while the series resistance for the 
charge transfer in the lateral channels is high, hence the high diffusion time of the majority 
carriers limits the responsivity and detection speed12,17. To avoid these limitations, 
graphene can be introduced as the electrodes, as shown in Figure 1.10c12,50. The generated 
carriers can be collected via direct vertical charge transfer instead of lateral diffusion. As 
a result, the interlayer recombination losses are reduced, leading to significantly increased 
charge collection efficiency12.  
According to the energy of photons detected, photodetectors can be divided into 
different categories, such as X-ray, UV, visible and infrared (IR), and terahertz (THz) 
detectors49. Since the band gaps of the TMDs range from less than 1 eV to above 2.5 eV, 
the corresponding TMD-based photodetectors can cover visible and near infrared (NIR) 
of the electromagnetic spectrum as shown in Figure 1.10d49. As this figure shows, 2D 
materials continuously cover a large range of the spectrum, including for example an  
alloy of black phosphorous (BP), P1-xAsx, whose band gap is tunable through the  mid-
infrared (MIR) in the range 0.15 - 0.3 eV51,52. Moreover, p-n junctions can be formed in 
these devices by alloying or doping of the constituent layers. For example, MoSe2 is 
 
Figure 1.10. Van der Waals heterostructure optoelectronics. (a-c) Schematic diagrams of van 
der Waals vertical photodiode structures. Adapted from Ref. 12. (d) Band gap values of 
different 2D materials and their corresponding detection range. Adapted from Ref. 49. 
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usually a naturally n-type material but it can be p-type doped by the addition of Nb; 
stacking a layer of n-doped material onto a layer of p-doped material is a simple way of 
forming a vertical p-n junction with large interfacial area53. Therefore, alloying TMDs 
can make significant contributions to the abundance of useful building blocks for 2D 
optoelectronic devices49.  
1.3 TMD alloys 
Ternary TMD alloys can be made through either addition of an extra type of metal 
atom to MX2, or an extra type of chalcogen atom11. Creation of semiconductor alloys is 
an efficient way for the band gap and even spin-orbit engineering of bulk and thin 
materials, to be tuned for applications in specific optoelectronic devices39. As a result, 
there are many reports of 2D-TMD alloys with tunable band gaps and optical 
properties40,54–58.   
1.3.1 Synthesis of TMD alloys 
There are two approaches that are widely used in nanomaterials fabrication: top-down 
and bottom-up techniques11. For synthesis of 2D TMDs, the top-down methods are to 
cleave bulk crystals into multi-layers or mono-layers by, for example, mechanical 
exfoliation, liquid exfoliation or electrochemical exfoliation etc. Bottom-up approaches 
include growth methods such as CVD, physical vapour transport and atomic layer 
deposition (ALD)11. 
Although there are many techniques introduced above for pure materials synthesis, 
among these there are only a few methods that can be used for fabricating TMD alloys11. 
CVD and chemical vapor transport (CVT) are the most widely used11,19.  
1.3.1.1 Chemical vapor deposition (CVD) 
Many different setups have been reported for the CVD method, but Figure 1.11 shows 
a typical system11,55,58–60. The chalcogen (X = S and Se) powders are vaporised by heating 
Chapter 1: Electronic Properties of TMDs and TMD Alloys 
15 
to high temperature, T1 and T211,58. Metal oxide powders are heated to T3 and T4 (higher  
temperature) for vaporisation55,59. The carrier gas (H2) reacts with the chalcogen and with 
the metal oxide vapor, transporting them through the tube furnace. At the downstream 
end of the furnace, alloy flakes (e.g. Mo1-xWxX2, MoS2-2xSe2x and WS2-2xSe2x) are formed 
via chemical reaction and deposited onto substrates. Normally this method produces 
 
Figure 1.12. Schematic of a typical setup for chemical vapor deposition (CVD). Chalcogen (X 
= S, Se and Te) and transition metal (M = Mo, W and Nb etc.) powder are placed at left side 




Figure 1.11. Atomic resolution scanning transmission electron microscopy (STEM) images of 
different regions on the same monolayer Mo1-xWxS2 flake via CVD. (a) Dark field STEM 
image of a single layer Mo1-xWxS2 on a TEM grid. ADF-STEM images of monolayer alloy 
Mo1-xWxS2 from regions marked via (b) blue, (c) green and (c) red squares. The lower panels 
show distribution of W atoms in corresponding STEM images. (e) Intensity profile along the 
box with dash line. Adapted from Ref. 60. 
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triangular or hexagonal monolayer or bilayer alloy flakes with lateral dimensions of up 
to several tens of micrometers55,58,59.  
 A typical alloy Mo1-xWxS2 synthesized by CVD, using a similar system to that 
described above, is shown in Figure 1.1255,60. The atomic structure is visualised by 
annular dark field (ADF) scanning transmission electron microscopy (STEM) images. 
The atomic concentrations are different at the edge compared to the centre of the alloy 
flake60. This inhomogeneous distribution of W atoms leads to inhomogeneous properties 
of the same flake, for example the optical band gaps measured by PL emission depend on 
the composition of the alloy and so vary across the flake55,60. Therefore, visualisation of 
the atomic structure is essential for understanding the properties of these alloys.    
1.3.2.1 Chemical vapor transport (CVT) 
 CVT is used to grow single crystals rather than isolated monolayers. For monolayers 
it has the key advantage that the powder precursors can be made stoichiometrically correct 
before the CVT process. In this way, unlike for CVD, the TMD compounds are already 
formed before the vapor transport process and as a result the distribution of alloy elements 
in the synthesised crystals is more homogeneous. A typical setup is shown in Figure 
1.1361. The source materials and transport agent (CCl4, Cl2, Br2 or I2 crystals) are mixed 
 
Figure 1.13. Schematic diagram of a typical setup of chemical vapor transport (CVT). Adapted 
from Ref. 61.  
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and placed at the end of an evacuated ampoule at the source zone of the tube furnace. The 
source and growth zone are heated to temperatures Ts and Tg, respectively (Ts>Tg)61–63. 
The compounds sublime and react with the transport agent in the source zone. The vapor 
phases diffuse down the ampoule towards the growth end, depositing on the cooler wall 
of the quartz ampoule at the growth end to nucleate and grow alloy crystals61–63.  
1.3.2 Tuning the electronic structures of 2D TMDs by alloying 
There are many parameters for the electronic band structure of a TMD that can be 
tuned by alloying. However, the most important for optoelectronic devices are the band 
gap56–58,64 and SOC39. 
1.3.2.1. Band gap engineering 
 PL emission from WS2Se2-2x monolayers can be tuned continuously from 626.6 nm 
(pure WS2) to 751.9 nm (pure WSe2) by changing the composition as shown in Figure 
1.14a64. Plotting the band gap against the S concentration, Figure 1.14b, shows a linear 
relationship64. Similar results have been observed in other ternary alloys e.g. Mo1-xWxS2, 
and Mo1-xWxSe2 etc.56,57. However, the evolution of PL emission peaks against the alloy 
compositions are not linear for the various alloys, with different bowing factors found for 
each56,57. The fact that the band gaps can be continuously tuned over a large range, with 
high optical quality material, makes alloying a very promising technique for optimising 
2D semiconductor devices to specific applications.  
 
Figure 1.14. Evolution of PL emission peaks as a function of S compositions in WS2xSe2-2x 
monolayers. (a) PL emission peaks as a function of S compositions. (b) Plot of band gaps 
against S/(S+Se) ratio. Adapted from Ref. 64. 
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1.3.2.2 Spin-orbit engineering  
 The large SOC at the VBM of the monolayer TMDs at K leads to important properties 
such as spin-valley locking, as discussed previously. As a result, there is interest in 
controlling the magnitude of SOC through alloying. The ternary Mo1-xWxSe2 alloy is an 
interesting example. The sign of the spin-splitting in the CB depends on the transition 
metal, the order of the spin polarised states in the K valley at the CBM change from 
MoSe2 to WSe2, as shown schematically in Figure 1.1539. In the same set of alloys, the 
SOC induced spin-splitting of the upper VBs at K also changes significantly with 
composition, with magnitudes of up to hundreds of meV that are much larger than the 
splitting in the CB of around tens of meV39. Figure 1.15b shows the evolution of the 
energy difference between A and B excitons with W composition39. Although DFT 
predicts a linear change with composition, the optical measurements suggest that the 
change is non-linear.  
 
Figure 1.15. Spin-orbit engineering of Mo1-xWxSe2 alloy monolayers. (a) Schematics of the 
evolution of the band structure at the K valley from MoSe2 to WSe2 showing the different 
signs and magnitudes of the VB and CB spin splittings. (b) Plot of the energy difference 
between A and B excitons against the W content. Adapted from Ref. 39. 
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Optical spectroscopy, measuring the difference in energy of the A and B exciton 
emission, has also been used to infer the spin-splitting in pure monolayer flakes of 
MoS265,66, WS2 and WSe265,67. However, the PL measures excitons, it is not a direct 
measurement of the electronic structure39. As shown schematically in Figure 1.15b, the 
energy difference between A and B exciton depends on the band gaps and the SOC 
splitting of both CB and VB, complicating determination of SOC splitting from these 
measurements39. The significant exciton binding energies must also be taken into 
consideration. Hence, finding an alternative technique that can give direct and precise 
results on determination of the electronic structure becomes an outstanding question.  
1.3.3 Applications of TMD alloys  
 As described before, the Mo atoms in MoSe2 can be replaced by Nb atoms that make 
the Nb-doped MoSe2 a p-type material. Using this, a van der Waals homojunction p-n 
diode can be fabricated which exhibits typical rectifying behaviour at room temperature, 
as shown in Figure 1.16b53. Compared to heterojunctions composed of different TMDs, 
the homojunction p-n diode displays more efficient current rectification and photovoltaic 
response since its interface with continuous band bending contains fewer carrier trap sites 
than those of the heterojunctions53. Therefore, TMD alloys not only provide abundant 
building blocks with control over the material properties, but also present novel ways for 
constructing active devices53,68.    
 
Figure 1.16. Vertical stacked homojunction p-n diode in MoSe2. (a) Schematic on Nb-doping 
mechanism for p-type MoSe2. (b) VG-dependent rectifying behaviour of the MoSe2 
homojunction p-n diode in the log scale. Inset: Schematic and optical micrograph of the 
homojunction p-n diode. Adapted from Ref. 53. 
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1.4 Thesis outline  
This thesis focuses on exploring the atomic and electronic structure of 2D TMD alloys. 
The synthesis of single crystals of TMD alloys by CVT is presented, along with 
techniques to reduce the materials to monolayer form on target substrates by mechanical 
exfoliation. Various procedures for the subsequent assembly of van der Waals stacks have 
been developed as part of this work, in order to achieve high-quality heterostructures 
suitable for high-resolution microscopy and spectroscopy investigations. The atomic 
structure of the TMD alloys Mo1-xWxS2 and Nb1-xWxS2 have been characterised via ADF-
STEM images, with quantitative statistical analysis such as calculation of the Warren-
Cowley short-range order (SRO) parameters. The electronic structure of these materials 
has been investigated by ARPES. First principles calculations have been performed to 
compare with and explain the experimental results.  
Chapter 2 introduces the core experimental techniques that are applied in this thesis, 
e.g. CVT, Raman spectroscopy and PL, ADF-STEM and ARPES. The procedures for the 
growth of 2D single crystals by CVT and for the isolation of monolayers by mechanical 
exfoliation are also described.  
Chapter 3 presents the optimised synthesis conditions for single crystals of Mo1-xWxS2 
and Nb1-xWxS2 alloys via CVT. Various techniques for the assembly of van der Waals 
stacks are explained with examples, e.g. the pick-and-place and PMMA transfer method. 
In addition, a novel way has been developed for the fabrication of encapsulated TMD 
samples in such a way as to enable high-resolution ADF-STEM imaging with large 
contamination-free regions. 
Chapter 4 presents quantitative analysis of the atomic structures of Mo1-xWxS2 
monolayers, as revealed by ADF-STEM imaging. Quantitative comparison with Monte 
Carlo simulations, parameterised by first principles calculations, shows that the atomic 
distributions are random, as expected from a growth process at high temperature. ARPES 
measurements of Mo1-xWxS2 bulk crystals are used to directly determine the changes in 
VB structure with composition and are compared to optical spectroscopy and linear 
scaling DFT predictions. The changes with composition of key parameters, such as band 
gaps, VB SOC splittings and effective mass etc., are presented.  
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Chapter 5 demonstrates the atomic structures of the Nb0.1W0.9S2 and Nb0.17W0.83Se2 
monolayers via ADF-STEM images. The Nb0.1W0.9S2 shows obvious ordered atomic 
lines along one of the equivalent crystallographic directions, while Nb0.17W0.83Se2 reveals 
random atomic distributions. Linearly polarised Raman spectroscopy is applied to explore 
how these atomic lines affect the lattice vibrations. To support these measurements of the 
atomic structure, PL and ARPES measurements are used to explore the electronic 
structure of Nb0.17W0.83Se2.  
Chapter 6 summarises the results and contributions of this thesis and includes an 
outlook over the future work that should be continued in this area.   
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Chapter 2: Experimental Techniques   
2.1 Material synthesis 
As described in Chapter 1, for the experimental work presented in this thesis, CVT 
followed by mechanical exfoliation and stacking was the preferred method for sample 
fabrication. Since the bonding between grown monolayer TMD flakes and their substrates 
is much stronger than that of exfoliated samples, mechanical exfoliation is more suited to 
the fabrication of artificial heterostructures by stacking18. Compared to CVD-grown 
TMD materials, monolayer TMD flakes isolated by mechanical exfoliation are clean and 
highly crystalline, so exfoliated TMD based devices are cleaner and more stable11. 
Moreover, in terms of TMD alloy growth, the atomic distribution in TMD alloy flakes 
synthesised by CVT is more homogeneous than those grown by CVD method, as 
introduced in section 1.3.1. 
2.1.1 Chemical vapor transport (CVT) 
 For CVT, there are two steps in the synthesis process: TMD alloy powder preparation; 
and CVT from this powder to single crystals. During compound preparation, powders of 
the metal and chalcogenide elements are mixed and added to a small ampoule, 
stoichiometrically. The ampoule is evacuated and sealed and placed in a box furnace, as 
 
Figure 2.1. Box furnace for preparation of the alloy powders. (a) Photo of a box furnace. (b) 
Schematic diagram showing the furnace during the heating cycle. 
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shown in Figure 2.1, to heat up to a high temperature for the formation of the alloy TMD 
compounds.  
A mixture of the alloy compounds and transport agent, here iodine, is added to a new 
quartz ampoule with larger inner diameter which is evacuated and sealed for crystal 
growth. A tube furnace with three zones with independent temperature control is used, as 
shown schematically in Figure 2.2b. The temperature of the source and growth zone is 
ramped to (T + ∆T) and T, respectively, and maintained at those temperatures for the 
required time period. The temperature profile along the furnace is shown in Figure 2.2b. 
Finally, the furnace is allowed to cool to room temperature.  
2.1.2 Mechanical exfoliation    
Figure 2.3 schematically shows a typical process for mechanical exfoliation: a scotch 
tape is placed on thin graphite or TMD crystals to peel off a few layers, then the tape with 
these layers is stuck to a substrate, normally a SiO2/Si wafer69. These layers are further 
cleaved after the tape is removed, single or multi-layer TMD flakes can be observed under 
an optical microscopy as shown in Figures 2.3a and 2.3b11. 
 
Figure 2.2. A tube or three-zone furnace for CVT. (a) Photo of three-zone furnace. (b) 
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This process has been developed and improved to obtain bigger flakes via optimising 
the fabrication conditions. For example, gold (Au) substrates can be excellent alternatives 
to SiO2/Si wafers, since the chemical adhesion between Au and sulphur is stronger than 
between sulphur and SiO270. The polymer adhesion layer of tape can be optimised. 
Moreover, the exfoliated flakes increase from several tens of microns to hundred microns 
via raising the exfoliation temperature71. 
2.2 Raman spectroscopy 
2.2.1 Light-matter interaction  
Incident photons interacting with atoms and molecules can be absorbed or scattered. 
The scattering mechanisms can be divided into two types, elastic (Rayleigh scattering) 
and inelastic (such as Raman scattering) as shown in Figure 2.4a72. For Rayleigh 
scattering, the energy and momentum of the incident and transmitted photons will be 
 
Figure 2.3. The mechanical exfoliation procedure and optical images of exfoliated flakes. Top: 
Schematic diagram showing the procedure for micromechanical exfoliation using scotch tape. 
Adapted from Ref. 11. Bottom: optical image of exfoliated graphene on 300 nm SiO2/Si with 
(a) white light and (b) 560 nm light. Adapted from Ref. 69. 
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conserved during the scattering processes72,73. While for an inelastic scattering process, 
the scattered photons have different energies compared to the incident photons72,73.  
 Figure 2.4b shows schematically the scattering intensity versus frequency for a photon 
incident on a material, with peaks corresponding to Stokes and anti-Stokes Raman 
scattering as well as Rayleigh scattering72,73. In the Stokes Raman scattering process, an 
incident photon creates a scattered photon of lower energy as well as a phonon, so the 
Stokes scattering line is shifted to lower energy compared to the Rayleigh scattered line, 
as indicated in red colour72,73. In contrast, in anti-Stokes Raman scattering a phonon and 
incident photon combine to emit a scattered photon of higher energy, so the anti-Stokes 
line is blue-shifted, as indicated by the blue-coloured transition in Figure 2.472,73.   
When a material is placed in the electric field (E) of an incident light, an electric dipole 
will be induced within the material. The dipole moment (𝝁𝝁) can be related to the electric 
field (E) as following72–76 
 
Figure 2.4. Schematic diagram of a scattering process. (a) Schematic diagram shows the virtual 
state reached by the excitation and the emission processes corresponding to the different 
transitions. (b) Schematic of the corresponding Raman spectrum. 
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 𝝁𝝁 = 𝜶𝜶� 𝑬𝑬 ,  2. 1 
in which 𝜶𝜶� is the molecular polarizability72–76.  
The external electric field can be written as72–76 
 𝑬𝑬 =  𝑬𝑬𝟎𝟎 cos(𝜔𝜔0𝑡𝑡) , 2. 2 
in which 𝑬𝑬𝟎𝟎 is the vector amplitude of the external electric field, and 𝜔𝜔0 is its oscillation 
frequency72–76.  
For a small nuclear displacement, the change of polarizability can be expanded as a 
Taylor series72–76, 





𝑞𝑞 + ··· .   2. 3 
where 𝑞𝑞 is individual normal mode. Oscillations with characteristic frequency 𝜔𝜔𝜕𝜕 along 
each normal coordinate 𝑞𝑞 can be excited, thus72–76  
 𝑞𝑞 = 𝑞𝑞0cos (𝜔𝜔𝜕𝜕𝑡𝑡) .  2. 4 
To insert equation 2.2 and 2.3 into 2.1, then it yields72–76 








· 𝑞𝑞0 · 𝑬𝑬𝟎𝟎 · cos��𝜔𝜔0 −  𝜔𝜔𝜕𝜕�𝑡𝑡� 






· 𝑞𝑞0 · 𝑬𝑬𝟎𝟎 · cos�(𝜔𝜔0 +  𝜔𝜔𝜕𝜕)𝑡𝑡�   2. 5 
There are three terms in this equation. The first term 𝛼𝛼0 · 𝐸𝐸0 ·  cos(𝜔𝜔0𝑡𝑡) oscillates at the 
same frequency as the incident radiation, corresponding to Rayleigh scattering72–76. The 
second term is red-shifted to lower frequency, corresponding to Stokes scattering72–76. 
The last term is characterised by the frequency (𝜔𝜔0 +  𝜔𝜔𝜕𝜕), blue-shifted compared to the 
frequency of the incident radiation, hence it represents anti-Stokes scattering72–76.  
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Following Equation 2.5, the selection rule for Raman scattering is that the derivative 





This is illustrated schematically for the example of a small molecule in Figure 2.573,76, 










= 0 is Raman inactive73,76.  
There are many limitations of the classical theory of Raman scattering73. For example, 
one of the failures is that the ratio of the Stokes and anti-Stokes intensities in experiments 
is not in agreement with the prediction of the classical theory. Specifically, the ratio of 
the Stokes and anti-Stokes intensities according to the classical theory yields 
𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆/𝐼𝐼𝑎𝑎𝑎𝑎𝑆𝑆𝑎𝑎−𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ∝ (𝜔𝜔0 + 𝜔𝜔𝜕𝜕)4/(𝜔𝜔0 −  𝜔𝜔𝜕𝜕)4. However, the intensity of Stokes 
Raman scattering is much higher than anti-Stokes Raman scattering from experiments. 
Hence, quantum mechanics model is introduced and explains the intensity in 
experiments72–76.   
 
Figure 2.5. The polarizability of a molecule changes as a function of the nuclear 
displacements. The graphs schematically indicate the derivatives of the polarizability for 
different vibrational modes73,76. 
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2.2.2 Confocal Raman spectrometers 
For a confocal Raman spectrometer, a typical experiment setup is shown schematically  
in Figure 2.6a. There are three main parts to the Raman spectrometer, a laser source, a 
microscope and a spectrometer with CCD detector73. Since the Raman signals are weak, 
each part of this system has to be optimised to allow a reasonable signal passing through 
to the detector73.  
Figure 2.6b and 2.6c schematically show two typical setups for angle-resolved 
polarised Raman spectroscopy (ARPRS)73,77,78. In the first, the laser polarisation is fixed 
along the y axis while the analyser direction is set to either horizontal or vertical with 
respect to the laboratory coordinates77,78. The sample is rotated around the z axis by an 
angle θ (the angle between the sample coordinate and the laboratory coordinate) and the 
spectra are collected as a function of θ77,78. Figure 2.6c shows a setup with a half-wave 
plate, in this case the sample and laboratory coordinates are fixed and hence θ is known. 
However, the polarisation state of the laser can be controlled by rotating the fast axis of 
the half-wave plate. When the half-wave plate is rotated α/2 from its fast axis, the incident 
laser polarisation is rotated α with respect to the y axis of the laboratory coordinate, in 
this way the spectra are collected as a function of α/2.  
 
Figure 2.6. Schematic illustrations for the setups of typical confocal Raman spectrometers. (a) 
Schematic diagram shows a typical Raman spectroscope. Two setups for angle-resolved 
polarised Raman spectroscope (ARPRS) are shown in (b) and (c). In (b) the sample is rotated 
for angle-resolved measurements, while in (c) the polarisation state of the incident laser is 
controlled by a half-wave plate. 
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2.2.2.1 Raman shifts 
 For 2H-MX2 polytype bulk crystals, the point group is D6h (space group P63/mmc)24,79. 
There are 6 atoms in the unit cell, with 18 phonon modes, as shown in Figure 2.7: 3 
acoustic and 15 optical modes79. Hence, the lattice vibrations at the 𝚪𝚪 point can be 
expressed as the irreducible representations79  
 𝛤𝛤 =  𝐴𝐴1𝑔𝑔 + 2𝐴𝐴2µ + 2𝐵𝐵2𝑔𝑔 + 𝐵𝐵1µ + 𝐸𝐸1𝑔𝑔 + 2𝐸𝐸1µ + 2𝐸𝐸2𝑔𝑔 + 𝐸𝐸2µ .  2. 6 
Among these vibrations, one 𝐴𝐴2µ and 𝐸𝐸1µ are acoustic modes that are inactive; 𝐴𝐴1𝑔𝑔, 𝐸𝐸1𝑔𝑔 
and 𝐸𝐸2𝑔𝑔 are Raman active modes; the other 𝐴𝐴2µ and 𝐸𝐸1µ are infrared active modes; and 
𝐵𝐵2𝑔𝑔, 𝐵𝐵1µ and 𝐸𝐸2µ are silent modes that are optically inactive79.  
A typical Raman spectrum of a 2H-TMD bulk crystal is shown in Figure 2.8a80. In the 
back-scattering configuration, the E1g mode, associated with an in-plane motion of only 
chalcogen atoms, is forbidden79,80. The 𝐸𝐸2𝑔𝑔2  is a shared mode originating from the relative 
 
Figure 2.7. A summary of phonon modes for 2H-MX2 monolayer and bulk crystals. Normal 
displacements of vibration modes for (a) monolayer and (b) bulk crystals. Adapted from Ref. 
79. Calculated phonon dispersion curves of (c) monolayer and (d) bulk crystals for MoS2. 
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motion of the atoms in different layers and is only observed in the very low frequency 
region79. Therefore, the dominant Raman scattering features are the two first-order 
Raman modes, 𝐸𝐸2𝑔𝑔1  and 𝐴𝐴1𝑔𝑔, as indicated in Figure 2.8a. The 𝐸𝐸2𝑔𝑔1  mode corresponds to 
the in-plane vibration of the metal and chalcogen atoms, while the 𝐴𝐴1𝑔𝑔 mode is for the 
out-of-plane motion of the chalcogen atoms, as shown in Figure 2.7.  
When the thickness of MX2 is reduced to a monolayer, its symmetry is reduced to D3h 
point group (space group P6m2), reducing the number of phonon modes to 9, as shown 
in Figure 2.7. The vibrations can then be expressed via the irreducible representations at 
the 𝚪𝚪 point79  
 𝛤𝛤 =  2𝐴𝐴2µ + 𝐸𝐸1𝑔𝑔 + 𝐴𝐴1𝑔𝑔 + 2𝐸𝐸2𝑔𝑔 ,  2. 7 
in which one of the 𝐴𝐴2µ and the 𝐸𝐸2𝑔𝑔 are acoustic modes; the other 𝐴𝐴2µ is infrared active; 
𝐴𝐴1𝑔𝑔 and 𝐸𝐸1𝑔𝑔 are Raman active modes; and the other 𝐸𝐸2𝑔𝑔 mode is both Raman and infrared 
active79.  
 A typical Raman spectrum from a TMD monolayer is shown in Figure 2.8a80. Due to 
the back-scattering geometry of the measurement, 𝐸𝐸1𝑔𝑔 is again absent80. Therefore, the 
Raman modes 𝐸𝐸2𝑔𝑔1  and 𝐴𝐴1𝑔𝑔 are still the dominant peaks in the Raman spectrum of the 
 
Figure 2.8. Raman spectra of bulk and monolayer MoS2 crystals. (a) Raman spectrum of MoS2 
crystals with different layer numbers under 532 nm laser excitation. (b) Peak frequency of 𝐸𝐸2𝑔𝑔1  
and 𝐴𝐴1𝑔𝑔 modes as a function of sample thickness. Adapted from Ref. 80. 
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monolayer. Compared to bulk crystals, the 𝐸𝐸2𝑔𝑔1  mode upshifts while the 𝐴𝐴1𝑔𝑔 mode shifts 
to lower frequency, hence the Raman modes are sensitive to the number of layers, as 
shown in Figure 2.8b80.   
2.2.2.2 Linearly polarised Raman spectra  
For a given Raman mode, the Raman scattering efficiency can be expressed as24,72–76,81 
 𝑆𝑆 = 𝐴𝐴|𝒆𝒆𝒊𝒊 · 𝑹𝑹 · 𝒆𝒆𝒔𝒔|2 ,  2. 8 
where 𝒆𝒆𝒊𝒊 is vector representing the polarisation direction of incident light and 𝒆𝒆𝒔𝒔 
represents the polarisation direction of the scattering light. 𝑹𝑹 is the Raman tensor of the 
given Raman mode of the material. The Raman tensors are only related to the point group 
and the symmetry of the Raman modes, as listed in Table 2.124,81. Finally, to detect the 
Raman signals, this efficiency needs to be a non-zero value. 
Table 2.1. Raman tensors for hexagonal point group. Adapted from Ref  24,81. 
 
2.3 Electron microscopy  
Experimental work using electron microscopy and related techniques is an essential 
part of this work, since allows direct imaging and provides direct structural information 
of the material. The latest generation of electron microscopes can resolve individual 
atoms, an essential requirement in 2D materials. Ernest Abbe worked out that the 
resolution of the optical instruments is limited by diffraction of the light82, so the 
resolution of high quality visible light microscopes is limited by the wavelength of the 
illumination source and the optic apertures. Thus, the resolving power in light 
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microscopy, defined as the smallest distinguishable distance, d0, is determined by the 




 ,  2. 9 
where 𝜆𝜆 is the wavelength of the radiation, n is the refractive index of the medium, and 𝛼𝛼 
is the collection semi-angle82. Additionally, the diffraction barrier restricts the optical 
instruments to distinguish two objects separated by a lateral distance less than ~λ/2, with 
λ being the wavelength of light used by the instrument. This diffraction limits the 
resolution of a good optical microscope to approximately 200 nm82.  However, this 
resolution is not enough to image many features in materials, e.g. dislocations and grain 
boundaries82.  
Using high energy electrons as an illumination source, electron microscopy can 
achieve improved spatial resolution compared with other microscopy techniques82. 
According to de Broglie’s equation, and taking into consideration relativistic corrections 
for voltages higher than 100 kV, the wavelength of the electrons when accelerated by a 
potential difference V can be calculated using equation 2.10:  





1/2 .  2. 10 
where ℏ is the Planck’s constant, 𝑚𝑚0 is the electron mass and c is the speed of light82. 
The calculated wavelength of electrons at 80 and 200kV (accelerating voltages in the 
TEMs used in this thesis) are ~ 0.04 and 0.03 Å, respectively82. These wavelengths are 
even smaller than atomic diameters and therefore theoretically, any electron microscope 
operating at 200 kV should be able to image individual atoms82. However, the diffraction 
and spherical and chromatic aberrations limit the resolution of conventional electron 
microscopes, and the resolution limit of an electron microscope at 200 kV is ~2 Å, which 
is not enough to resolve individual atoms in a non-periodic structure. Both spherical and 
chromatic aberrations are unavoidable in the static rotational symmetric electromagnetic 
lenses that constitute the electron microscope. Further details about the aberration 
correction in electron microscopy can be found in section 2.3.2.    
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 In a conventional transmission electron microscopy (CTEM), the sample is 
illuminated by a plane wave of electrons generated by the electron gun either through a 
thermionic or field emission process. After the interaction of this plane wave with the 
specimen, the transmitted electrons are projected onto an electron detector, forming an 
image. Figure 2.9 corresponds to a schematic diagram of a TEM83. The electrons are 
 
Figure 2.9. Schematic cross-section of a modern TEM. The vacuum system is not shown here. 
Adapted from Ref. 83. 
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generated by the electron gun either through a thermionic or field-emission process before 
accelerated to the typical working voltage, 80 or 200 kV for the analysis carried out in 
this PhD.  
 Once extracted, the condenser lens system (upper lenses) of the TEM allows the probe 
formation to certain size. The condenser system (lenses and apertures) also determines 
the type of illumination, i.e. parallel or convergent electron beam. In a microscope, the 
objective lenses are the most important lens which generate the first intermediate image 
determining the resolution of the final image. The objective lens may focus the 
transmitted and scattered beams into the back focal plane (BFP), forming a diffraction 
pattern, or further down into the image plane, forming an image of the specimen. The 
intermediate and projector lens magnify the image/diffraction pattern onto the detection 
system, i.e. a CCD camera to capture the signal. 
Additional electron beam deflectors may be installed before the specimen, called scan 
coils, which have different uses. Although the key use is to scan the electron beam across 
 
Figure 2.10. Schematic ray diagram of three basic operation modes in a TEM. (a) Bright-field 
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the specimen in STEM mode, they can also be used to tilt a parallel electron beam to work 
in conventional dark-field TEM imaging mode.  
Nowadays, state-of-the-art microscopes incorporate further lenses to correct for 
example the spherical aberration before and after the specimen (probe and image 
correction) improving enormously the spatial resolution of the electron microscopes.  
2.3.1 TEM and STEM 
 In conventional TEM mode (Figure 2.11), a broad close-to-parallel electron beam 
illuminates the area of interest in the specimen84. The electrons interact with the matter 
through a range of different mechanisms, generating a wide range of signals that can be 
used to analyse the material. Different modes of imaging can be achieved by selecting 
different electrons. The two basic modes of TEM imaging operation are bright-field (BF) 
and dark-field (DF) mode as shown in Figure 2.10a and 2.10b, respectively82,85. An 
aperture is positioned to pass only the un-deflected (direct) transmitted electrons in the 
former and to pass some diffracted electrons in a particular diffraction condition in the 
latter. These operating modes in TEM using an objective aperture will provide strong 
 
Figure 2.11. The electron beam in CTEM and STEM instruments. Schematic ray diagram of 
a CTEM (at left) and STEM (at right) passing through the specimen. There are STEM 
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diffraction contrast imaging since the diffracted intensity does not recombine with the 
straight through beam intensity (or vice versa) to form the image.  
If no aperture is used, a mass-thickness contrast image is formed. To obtain lattice 
images, a large objective aperture will be introduced allowing many beams, including the 
direct beam, to pass. This generates a phase contrast image formed by the interference of 
the diffracted beams with the direct beam. This technique, also called high-resolution 
TEM (HRTEM), can be used to investigate the atomic structure of crystalline materials. 
The microscope affects the image contrast, and this is described by the Contrast Transfer 
Function (CTF), which is expressed as the contrast dependence on reciprocal lattice 
spacing for a given objective lens defocus.  
Figure 2.10c is a ray diagram corresponding to the generation of a diffraction pattern 
in the TEM82. Here another aperture (different to the objective one) is introduced to limit 
the diffraction pattern to a selected area of the sample. This technique is known as selected 
 
Figure 2.12. Schematic diagram of the bright field (BF) and concentric ADF detectors in 
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area electron diffraction (SAED). A diffraction pattern consisting of the direct and the 
diffracted beams coming from the ROI will be imaged in the viewing screen and collected 
by a CCD device.  
In STEM mode, the electron beam is converged into a single narrow probe on the 
specimen (Figure 2.11), forming a convergent beam electron diffraction pattern (with 
overlapping disks) in the BFP84. The convergent beam is scanned across the specimen, 
originating in a convergent beam diffraction pattern for each pixel. The size of the disks 
depends on the convergence angle and overlapping of the disks is required in order to 
resolve the structure82,84. The probe size is inversely proportional to the convergence 
semi-angle82,84. Each diffraction disk subtends the same semi-angle, and overlapping 
disks are required to allow atomic resolution imaging in STEM82,84. At each point (x,y) 
on the specimen an intensity of electrons is collected to form the image. Depending on 
the position of the detector and the detection angle different images can be formed (see 
Figure 2.12)86. The most common imaging detector is an ADF detector that is a ring 
centred on the optic axis (see Figure 2.12)86. Usually, the inner radius of this detector is 
chosen such that no directly transmitted electrons are detected and the signal depends 
only on electrons deflected by a sufficiently large angle. A small on-axis detector, with 
an outer collection angle typically less than 5 mrad, produces a BF-STEM image.  
Although there are many different modes to work in TEM and STEM, the achievable 
resolution of the electron microscopes is mainly limited by the inherent aberration of the 
lenses, as mentioned before. This has been a key point to obtain 2D-materials images, so 
the aberrations, how to correct them and the main imaging technique used to analyse 2D 
materials are as follow.   
Chapter 2: Experimental Techniques  
38 
2.3.2 Aberration-corrected CTEM and STEM 
2.3.2.1 Aberrations 
Conventional magnetic electron lenses are ~ 100 times worse than the optical lenses, 
due to aberrations. The Scherzer theorem states “Spherical and chromatic aberrations 
are unavoidable for static rotationally symmetric charge-particle lenses free of space 
charges” 87.  Nevertheless, there are many aberrations in the convergent electromagnetic 
lenses, affecting the path of the electrons.  
For high resolution TEM the wave aberration function is defined as the phase 
difference χ𝑥𝑥,𝑥𝑥 or distance difference W𝑥𝑥,𝑥𝑥 in the path of the ideal spherical wave and an 
actual wavefronts in the diffraction plane due to the lenses87  
 𝜒𝜒 = 2𝜋𝜋
𝜆𝜆
𝑊𝑊 .  2. 11 
 
Figure 2.13. Wave and ray aberration. The wave aberration W measures the distance by which 
an aberrated wavefront deviates from the ideal spherical case. The corresponding phase 
difference is called the aberration function 𝜒𝜒. The shift of the Gaussian image point due to the 
aberrations is called the ray aberration. The ray aberration δ is proportional to the gradient of 
the wave aberration W. Adapted from Ref. 87. 
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Figure 2.13 corresponds to a schematic representation of the wave aberration function 
χ𝑥𝑥,𝑥𝑥 and the ray aberration (δ𝑟𝑟). The 2D surface can be expressed as a function of the 
angle θ to the optic axis and the azimuthal angle φ around the optical axis87.  
The wave aberration function expanded as a Taylor series is described in equation 
2.12. Using polar notation makes the azimuthal and radial dependence of some of the 
terms more apparent87,88,   
𝜒𝜒(𝜃𝜃,𝜑𝜑) = 𝑐𝑐𝑐𝑐𝑡𝑡 +  
𝜃𝜃𝑁𝑁+1
𝑁𝑁 + 1
{𝐶𝐶𝑁𝑁𝑆𝑆𝑎𝑎 cos(𝑆𝑆φ) + 𝐶𝐶𝑁𝑁𝑆𝑆𝑏𝑏sin (𝑆𝑆φ)} 
















(5φ) +𝐶𝐶45b sin(5φ) + 𝐶𝐶43𝑎𝑎 cos(3φ) + 𝐶𝐶43bsin(3𝜑𝜑)   





+ 𝐶𝐶54a cos(4φ) + 𝐶𝐶54b sin(4φ) +𝐶𝐶52a cos(2φ) + 𝐶𝐶52b sin(2φ)} 
+ ··· ,  2. 12 
where the numerical coefficient 𝐶𝐶𝑁𝑁𝑆𝑆 is defined as the aberration coefficients, N is the 
order of the aberration, S denotes azimuthal symmetry of the aberration, and 𝑐𝑐𝑐𝑐𝑡𝑡 is initial 
constant term87,88. Figure 2.14 shows the surface plots of individual terms in the 
aberration function from 0th to 5th order. For N = odd and S = 0, it means a round 
aberration with no azimuthal dependence, e.g. defocus and spherical aberration etc.87,88 
Chapter 2: Experimental Techniques  
40 
For non-round aberrations (S ≠ 0), the 𝐶𝐶𝑁𝑁𝑆𝑆𝑎𝑎 and 𝐶𝐶𝑁𝑁𝑆𝑆𝑏𝑏 coefficients represent the projection 
of the overall aberration 𝐶𝐶𝑁𝑁𝑆𝑆 along two orthogonal axes87,88.  
Figure 2.15 shows the ray diagrams illustrating the change in focus for some of the 
main aberrations of the electron optics, such as chromatic aberration, spherical aberration, 
astigmatism and coma89. Explained in simple terms, the chromatic aberration of the lenses 
causes electrons with different wavelengths to focus at different points on the optic axis 
as shown in Figure 2.15a89. For spherical aberrations, 𝐶𝐶3, the electrons through the 
periphery of the lens are focused more strongly than those close to the axis. As a 
consequence, in the image plane each point of an object is imaged as a disk due to 
different distances at the optical axis as shown in Figure 2.15b89. The two-fold axial 
astigmatism, 𝐶𝐶1,2 brings the incoming wavefront of the electron rays traveling at different 
azimuths to different focus points as shown in Figure 2.15c89.  Axial coma aberration, 
𝐶𝐶2,1 will displace radially the centers of concentric circles (Figure 2.15d89) and distorts a 
round beam into a characteristic comet shape.  
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2.3.2.2 Spherical aberration-correction   
Electromagnetic lens aberrations affect not only image formation but also the resolving 
power in STEM, since the probe-forming depends on a combination of the diffraction 
limit and the aberrations of the lenses. In an aberration-corrected STEM, a multi-
multipole lens probe aberration corrector is inserted between the condenser system and 
the probe forming lens87. However, for an aberration-corrected TEM, an image corrector 
is placed after the objective lens87. The first step to compensate the aberrations in the 
microscope illumination system is to measure such aberrations. This can be achieved 
 
Figure 2.15. Aberrations in the lenses. (a) Chromatic aberrations in the lenses result waves of 
different wavelengths and energies are focused to different points along the optic axis. (b) 
Spherical aberration. (c) Astigmatism. (d) Coma aberrations cause the beam to focus off-axis. 
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using Zemlin-tableau method90. In the image corrector, the aberrations are measured 
using diffractograms of an amorphous area recorded at different tilt angles. The probe 
correctors use similar principle to measure the aberrations but the Zemlin-tablau is built 
using images over- and under-focus for different tilts and compare them with the image 
close to focus. The CEOS correctors used in the ARM200 microscope used in this work 
employ a symmetric hexapole doublet to compensate for the spherical aberration of the 
objective lens in TEM. The same principle and a similar design are used for the CEOS 
hexapole STEM corrector. The first hexapole of the corrector deforms the  beam which 
is  projected  into  a  second  hexapole  that compensates  for  this  deformation  leaving 
only a higher order effect, acting like a negative Cs and compensating the positive Cs in 
the objective lens.   
The next section describes the main imaging technique used in a double-corrected 
ARM200 to characterise the 2D-TMD layers in this research.   
2.3.3 Annular dark field-STEM images  
Probe corrected electron microscopes can generate focused spots with a diameter 
smaller than 0.1 nm. Additionally, the stable electronics make positioning of the probe to 
pm accuracy possible, allowing atomically resolved images. The direct transmitted 
electrons are collected using a BF detector. A concentric ADF detector (Figure 2.12) is 
normally used to collect the scattered electrons. ADF detectors collect electrons 
transmitted through the specimen and scattered within a certain angular range, determined 
by the inner and outer diameters86. If the inner angle of the ADF detector is similar to the 
probe convergence angle, coherent diffracted electron beam can reach the detector 
contributing to the image contrast86. On the other hand, when the inner angle is three or 
more times larger than the probe convergence angle, the scattered electrons reaching the 
detectors correspond to high-angle Rutherford scattered electrons from the nuclei82. 
Normally the inner radius of the detector is chosen so no direct transmitted electrons are 
detected. Thus, in each point the ADF image is proportional to the total number or 
incoherently scattered electrons reaching the detector82. Therefore, in this last case the 
ADF image contains strong atomic-number contrast and not much diffraction contrast 
(most of the diffracted electrons have a scattering angle less than inner angle and pass 
through the central hole in the detector). Therefore, the images contain composition 
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information, since the cross section for Rutherford scattering is a strong function of the 
atomic number (Z) and the thickness of the specimen82. The intensity in the ADF-STEM 
images is proportional to Z2. Thus, the contrast allows a clearer visualization of the 
different elements in the structure, in particular heavier elements.  
The atomic-resolution STEM images acquired in this Ph.D. used a double aberration-
corrected JEOL ARM-200F operating at 200 kV and 80kV. ADF images were formed 
using a collection angle of 45-180 mrad and 20-100 mrad for each voltage respectively. 
The convergence semiangle used was ∼25 mrad and ∼30 mrad at those voltages. 
So far, only elastic scattering processes have been mentioned. The inelastic scattering 
of electrons transfer energy to the sample and different signals can be produced.  
2.3.4 Electron energy loss spectroscopy (EELS)    
Electron energy loss spectroscopy (EELS) is based on the distribution of scattered 
electrons with a given energy loss. It is a powerful technique for determining the 
composition and bonding in the material, a good approach for the microanalysis of light 
elements. Additionally, a range of scattering mechanisms can be evaluated, such as 
plasmon or phonon scattering. EEL spectrometers are generally post column filters, 
which analyse the electron energy with a series of dispersing elements, and generating 
the spectrum. The change in energy ranges from 0 eV to a few keV. The EEL 
spectrometers use a magnetic field to disperse electrons with different energies and then 
a sequence of optical elements to guide these electrons to a detector, comprising a 
scintillator and a CCD camera. This then records a spectrum of intensity against energy 
loss.  
An EELS spectrum (Figure 2.16) is composed of three regions: the zero-loss peak 
(ZLP), the low-loss (LL) and the core-loss (CL) region82.  
The zero-loss peak (ZLP) is the peak located at 0 eV, and corresponds to the 
transmitted and direct electrons, with either zero or unmeasurable energy loss82. In very 
thin specimen, the most electrons are elastically scattered, so the ZLP is usually the most 
intense peak in the EELS spectrum82. The thickness of the specimen can be estimated 
from the ratio between the integrated area under the LL region and the ZLP. 
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LL region (<50eV) contains information about the interactions between the incident 
electron beam and the solid82. Excitons and plasmons dominated this area of the spectrum. 
The LL contains information about the excitation of the VB electrons (which can be 
thought of as a set of coupled oscillators), the inter- and intra-band transitions, phonon, 
excitons and the plasmon excitations82. Thus, after the ZLP, the major feature in this 
region of the spectrum corresponds to the bulk plasmon, a collective oscillation of the 
loosely bound electrons, which runs as a longitudinal wave through the volume of the 
crystal with a characteristic frequency82. The energy distribution in this area is closely 
related to the specimen dielectric function of the material82. In the case of 2D materials, 
this is very important, since the excitations can differ strongly from those in the bulk 
counterparts. Thus, there are reports on using low-loss EELS spectrum with a 
monochromator to characterise the optical signals (e.g. PL peaks) of 2D materials in range 
of 1-3 eV91,92 and its difference with the bulk material. Additionally, the fine structure of 
the ionization edge, can provide information of the density of unoccupied states in the 
CB. Thus, details of the bonding, coordination and density of states can be obtained when 
the fine structure is analysed82.  
 
Figure 2.16. An electron energy loss spectroscopy (EELS) spectrum in logarithmic intensity 










Chapter 2: Experimental Techniques  
45 
The EELS spectra analysed in this PhD were acquired in a Nion UltraSTEM100 
working at 60kV (Trinity College Dublin, Ireland). A 30 mrad convergence angle, a 48 
mrad collection aperture, an energy dispersion of 50 meV/pixel were the acquisition 
parameters. 
2.3.5 Radiation damage  
Electron irradiation damage can be categorized in two types according to the type of 
electron scattering93.  
(i) During elastic scattering processes, the incident electrons are electrostatically 
deflected by the Coulomb field of the atomic nucleus93. Under certain 
circumstances, this can result in atomic displacements and/or electron beam 
sputtering93.  
(ii) The interaction of the incident electrons with the atomic electrons surrounding 
the nucleus originate inelastic scattering93. The inelastic scattering can cause 
secondary electrons, emissions of X-rays and the EELS spectra. The process 
can result structure change, mass loss and hydrocarbon contaminations93. 
2.3.5.1 Atomic displacement (knock-on damage) 
For elastic scattering, the energy and momentum are conserved, so the amount of 
energy E transferred by the electron is93  
 𝐸𝐸 = 𝐸𝐸𝑚𝑚𝑎𝑎𝑥𝑥𝑐𝑐𝑠𝑠𝑠𝑠2(𝜃𝜃/2 ) ,  2. 13 
where θ is the angle that the electron is deflected in the field of a single atomic nucleus, 
and 𝐸𝐸𝑚𝑚𝑎𝑎𝑥𝑥 can be expressed as93  
 𝐸𝐸𝑚𝑚𝑎𝑎𝑥𝑥 = 𝐸𝐸0(1.02 +
𝐸𝐸0
106
)/(465.7𝐴𝐴) ,  2. 14 
where 𝐸𝐸0, the energy of the incident electron in eV and A is the atomic mass number93. 
When θ is small, the term 𝑐𝑐𝑠𝑠𝑠𝑠2 in equation 2.13 is small hence the transferred energy is 
almost negligible (𝐸𝐸 ≪ 1 eV)93. However, considering extreme conditions, θ = 180°, the 
transferred energy is 𝐸𝐸𝑚𝑚𝑎𝑎𝑥𝑥. This value increases with the incident energy 𝐸𝐸0 for low the 
mass number. If the transferred energy is larger than displacement energy, 𝐸𝐸 ≫ 𝐸𝐸𝑑𝑑 , the 
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electrons with high angle elastic scattering can knock-on displace the atoms, hence 
resulting in defects in the crystal structure93.  
The displacement energy 𝐸𝐸𝑑𝑑 is a property of the material related with the bond strength 
and atomic mass and crystal structure93. In practice, 𝐸𝐸𝑑𝑑 values can be determined 
experimentally, then the corresponding threshold values for the incident beam energy 𝐸𝐸0 
can be calculated by equation 2.13 and 2.1493. The only way to avoid atomic displacement 
is to use electron beams with lower energy than the threshold value for the material to 
analyse93,94. 
2.3.5.2 Electron beam sputtering 
The energy required for atom displacements at the surface of the material if high angle 
elastic scattering occurs is much lower than that in bulk93. The surface atomic 
displacement is similar to sputtering, i.e. surface atoms displaced by an ion beam93. Since 
the momentum transfer in high angle collisions occurs mainly in the incident direction, 
sputtering results on the beam exit surface93. According to equation 2.14, sputtering is 
more likely to involve atoms with low atomic number, so limiting the radiation dose, or 
protecting the specimen beam-exit surface with a heavy element can reduce the sputtering 
process82,93,94.  
2.3.5.3 Electron beam heating 
Inelastic scattering involves the incident electrons and the atomic electrons, with 
similar mass. Therefore, appreciable energy can be transferred in the process. Most of 
this energy ends up as heat within the specimen, giving rise to a local temperature93. If 
the thermal conduction in the surrounding material is poor, local heating can produce 
broken bonds, atom diffusion, and loss of volatile materials93. 
2.3.5.4 Electrostatic charging  
There are several sources of the charges, e.g. the primary electrons from the incident 
electrons trapped in the materials, high-angle scattered electrons and emitted secondary 
electrons from inelastic scattering processes93. When the electron beam hits the surface 
of an electrically insulating specimen, the specimen may absorb more electrons than 
ejected93,94. Thus, if the charge dissipation is insufficient, a localized current can occur. 
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Since insulating materials do not provide a path to ground for the current, they may 
experience electrostatic charging when exposed to the electron probe, where a localized 
net build-up of static electric charge is generated93,94. If the local charge in the specimen 
is negative, it will repel/deflect the incident electrons resulting in image distortion and 
instabilities82.  
2.3.5.5 Radiolysis effect (ionisation damage) 
Radiolysis damage is a type of ionisation damage resulting from inelastic scattering. 
The energy lost from the incident beam can be transferred to the atoms. Thus, single or 
collective atomic electron transitions can occur, being different for metals, 
semiconductors and insulators93. For metal, the CB electrons are excited to empty states 
above the Fermi level, leaving a vacancy in the VB that will be filled rapidly because of 
the high density of conduction electrons94. Meanwhile, the de-excitation process releases 
energy, creating phonons and leading to thermal vibrations of atomic nuclei, therefore a 
rise in temperature instead of permanent atomic displacements94.  
In contrast, for an insulating or semiconducting specimen, electrons in the VB are 
excited into CB, generating an electron-hole pair94. Since the electron concentration in 
the CB is low, it takes longer to fill the holes in the VB. This implies that during this 
period, the electron wave functions may change and some of the excitation energy is 
stored as potential energy resulting in changes in the interatomic bonding (broken 
bonds)94. Moreover, when an inner shell electron is excited via an inelastic scattering 
process, a VB electron fills the core hole, so an Auger electron can be generated resulting 
in the creation of secondary electrons that can break bonds and further damage the 
specimen94. 
2.4 Introduction to angle-resolved photoemission spectroscopy 
(ARPES) 
2.4.1 Fundamentals of ARPES 
Angle-resolved photoemission spectroscopy (ARPES) is a powerful technique for 
probing the electronic structure of solids95. A typical ARPES setup is shown 
schematically in Figure 2.17a95. A sample is placed under ultrahigh vacuum and 
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illuminated by a monochromatic light source. Electrons in the specimen can absorb 
photons in the incident light, when the photon energy is higher than the work function of 
the specimen, electrons can be photo-emitted and escape into the vacuum95. An electron 
analyser (spectrometer) is placed next to the sample to collect these electrons 
(photoelectrons), measuring their kinetic energies and emission angles as shown in Figure 
2.1795.  
Conservation of the photo-emitted electron results in the following relation95,96 
 𝐸𝐸𝑆𝑆𝑎𝑎𝑎𝑎  =  ℏ𝜈𝜈 − 𝛷𝛷 − 𝐸𝐸𝐵𝐵 ,  2. 15 
where 𝐸𝐸𝑆𝑆𝑎𝑎𝑎𝑎 is the kinetic energy of a photoelectron, ℏ𝜈𝜈 is the energy of the incident 
photon, 𝛷𝛷 is the work function of the material and 𝐸𝐸𝐵𝐵 is the binding energy of the electron 
in the sample95,96. The work function 𝛷𝛷 = 𝐸𝐸𝑣𝑣𝑎𝑎𝑣𝑣 − 𝐸𝐸𝐹𝐹, in which 𝐸𝐸𝑣𝑣𝑎𝑎𝑣𝑣 is the vacuum level 
while 𝐸𝐸𝐹𝐹 is the Fermi level, as shown in Figure 2.17b95,96. Accordingly, ARPES is mainly 
used for studying the occupied electronic states below Fermi level95,96. 
During the photoemission process shown in Figure 2.17, along with the energy of the 
electron, its momentum parallel to the plane of the sample, ℏ𝒌𝒌∥, is also conserved. This 
can then be determined from the angle of emission of the electron. For the geometry 
shown in Figure 2.17a95,96 this gives 
 ℏ𝒌𝒌∥
𝒇𝒇 = ℏ𝒌𝒌∥𝒊𝒊 = �2𝑚𝑚𝐸𝐸𝑆𝑆𝑎𝑎𝑎𝑎(𝑐𝑐𝑠𝑠𝑠𝑠𝜃𝜃𝑐𝑐𝑠𝑠𝑐𝑐𝜑𝜑𝒌𝒌�𝒙𝒙 + 𝑐𝑐𝑠𝑠𝑠𝑠𝜃𝜃𝑐𝑐𝑠𝑠𝑠𝑠𝜑𝜑𝒌𝒌�𝒚𝒚) ,  2. 16 
in which ℏ𝒌𝒌∥
𝒇𝒇 is the parallel components with respect to the sample surface of the 
momenta of the photoelectron, while ℏ𝒌𝒌∥𝒊𝒊  is the initial in-plane momentum, θ and 𝜑𝜑 are 
the emission angles of the photoelectron, ℏ is the reduced Planck’s constant and 𝑚𝑚 is the 
electron rest mass95,96.  
Due to the broken symmetry at the surface, the momentum perpendicular to the surface 
(𝑘𝑘⊥) is not conversed, so 𝑘𝑘⊥
𝑓𝑓 ≠ 𝑘𝑘⊥𝑎𝑎 . Instead the momentum perpendicular to the surface 
can be found from95,96  
 𝑘𝑘⊥𝑎𝑎 = �2𝑚𝑚(𝐸𝐸𝑆𝑆𝑎𝑎𝑎𝑎𝑐𝑐𝑠𝑠𝑐𝑐2𝜃𝜃 + 𝑉𝑉0)/ℏ ,  2. 17 
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in which 𝑉𝑉0 is a constant called the inner potential. From equation 2.17, measuring at 
different photon kinetic energies changes 𝐸𝐸𝑆𝑆𝑎𝑎𝑎𝑎 for the same 𝐸𝐸𝐵𝐵, and thus samples different 
𝑘𝑘⊥𝑎𝑎 . In principle, 𝑉𝑉0 can be determined by measuring over a range of photon energies and 
then fitting the periodicity of the measured band structure along the 𝑘𝑘⊥ direction to the 
known periodicity of the BZ95,96.  
Photoemission data are usually discussed within the three-step model which divides 
the photoemission process into three independent and sequential steps: optical excitation 
of an electron, electron transport to the surface, and emission of the electron into the 
vacuum95,96. The sudden approximation is usually applied; it is assumed that the system 
does not relax until after the electron has escaped, so the N-particle final state can be 
 
Figure 2.17. Schematic diagrams of a typical angle-resolved photoemission spetroscopy 
(ARPES) setup. (a) Upper: schematic diagram shows the geometry of the ARPES 
measurements. Lower: schematic of the wavevectors of the electron in the sample and as it 
leaves the sample surface. Here 𝒌𝒌∥ represents the vector components parallel to the surface 
and k⏊ represents the vector component that is perpendicular to the surface. (b) Energy 
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simplified as a combination of the photoelectron and the N-1 particle state95,96. In this 
way, the ARPES photoemission intensity 𝐼𝐼(𝒌𝒌,𝐸𝐸) is commonly written as95,96 
 𝐼𝐼(𝒌𝒌,𝐸𝐸) = 𝐼𝐼0(𝒌𝒌, 𝜈𝜈,𝑨𝑨)𝐴𝐴(𝒌𝒌,𝐸𝐸)𝑓𝑓(𝐸𝐸,𝑇𝑇) ,  2. 18 
where 𝐴𝐴(𝒌𝒌,𝐸𝐸) is the single-particle spectral function and 𝑓𝑓(𝐸𝐸,𝑇𝑇) is the Fermi-Dirac 
distribution95,96. 𝐼𝐼0(𝒌𝒌, 𝜈𝜈,𝑨𝑨) ∝ ∑ �𝑀𝑀𝑓𝑓,𝑎𝑎𝑆𝑆 �
2
𝑓𝑓,𝑎𝑎 , where 𝑀𝑀𝑓𝑓,𝑎𝑎𝑆𝑆 = 𝛷𝛷𝑓𝑓𝑆𝑆|𝐴𝐴 · 𝑃𝑃|𝛷𝛷𝑎𝑎𝑆𝑆 is the 
photoemission matrix element that describes the transition of the initial state 𝛷𝛷𝑎𝑎𝑆𝑆 to the 
final state 𝛷𝛷𝑓𝑓𝑆𝑆95,96. 
In practice, the hemispherical analyser usually contains a 2D detector that measures 
the kinetic energy of photoemitted electrons across a limited range of one angle, e.g. θ in 
Figure 2.17a, for a specific value of the other angle, 𝜑𝜑95,96. A three-dimensional dataset 
of the photoemission intensity as a function of kinetic energy and emission angle, 
𝐼𝐼(𝜃𝜃,𝜑𝜑,𝐸𝐸𝑆𝑆𝑎𝑎𝑎𝑎), is acquired by recording a set of these slices at varying 𝜑𝜑. From this the 
three-dimensional dataset 𝐼𝐼(𝒌𝒌∥,𝐸𝐸𝐵𝐵) is determined by interpolation, using Equations 2.15 
and 2.16. The Fermi energy is determined by fitting the Fermi-Dirac distribution to the 
fall in intensity across the Fermi edge for a metallic sample. From the 3D datasets, energy-
momentum slices can be extracted along the high-symmetry directions, or constant 
energy maps across regions of the BZ. The results are ARPES spectra that directly show 
the band dispersions as a function of energy and momenta within the plane and at the 
surface of the sample, ideally suited to the measurement of 2D materials.  
2.4.2 Key parameters of band structure  
 Typical ARPES spectra from monolayer, bilayer and multilayer regions of a WSe2 
flake are presented in Figure 2.1897, demonstrating the evolution of the VBM from the Γ 
to the K point as the thickness of WSe2 reduces from bulk to single layer. The SOC 
splitting of the VB in monolayer is measured to be (500 ± 30) meV from the data in Figure 
2.18. Within uncertainty it is the same as that of the bilayer and bulk WSe297.  
The dispersion of each band can be obtained by extracting energy distribution curves 
(EDC), 𝐼𝐼(𝐸𝐸𝐵𝐵) for fixed momenta, out of a 3D spectra, fitting the peak positions, and 
repeating across a range of momenta. From this data, key band parameters can be 
determined. Around the high-symmetry points, the band dispersions were fit by a 
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parabola. The band maxima and minima were then used to determine the VBM, band 
offsets, band widths, and the spin spliting of the VB at K as indicated in Figure 2.1897. 
The curvature of the parabola determines the effective mass, from 𝐸𝐸 = ℏ
2𝑆𝑆2
2𝑚𝑚∗2
 in which 𝑚𝑚∗ 
is the effective mass.  
If the CB is also populated, for example if the material is electron-doped, the band gap 
of the material can be directly obtained via fitting the energy difference between the CBM 
and VBM measured from the ARPES spectra.  
 
Figure 2.18. Bands structures of WSe2 with different thickness via ARPES. From left to right: 
band structure of monolayer, bilayer and bulk form WS2 crystals, respectively. Lower is the 
intensity twice-differential with respect to energy with overlaid DFT calculation. Adapted 
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Chapter 3: Synthesis of TMD Alloys 
and Hetero-structure Assembly  
3.1 Introduction  
As introduced in chapter 1, TMD materials show unique electrical and optical 
properties in their single layer configuration, e.g. an indirect to direct band gap 
transition29,98 and optically controllable valley polarisation43,99. Although many reported 
TMD-based devices e.g. field effect transistors (FET)23, optoelectronic devices100, 
valleytronics101 etc. show high device performance, the tunability for related properties 
such as band gaps and SOC is limited. As in conventional silicon technology, doping and 
alloying are widely used to achieve functionality of a semiconducting material102,103, this 
can be brought to TMD materials103. By substituting or alloying the metals or chalcogens 
of the TMDs, the materials have additional tunability in band gap40,56,57 and spin-orbit 
engineering40,104,105.  
To further investigate how the extra tunability can be achieved, it is essential to 
develop the techniques for material synthesis and sample fabrication. Among all the 
synthesis techniques mentioned in Chapter 1, CVD is the most widely used bottom-up 
approach for TMD alloy growth19. However, the CVD-grown alloy monolayers show 
inhomogeneous atomic distribution, higher concentration at the edges and lower at the 
centre60. This can result in unstable and heterogeneous properties, poorly suited for device 
applications. Another significant drawback of this technique is that complicated stacks 
with desired artificial sequences, e.g. heterostructure with more than three layers, are hard 
to prepare via this method. Therefore, we chose to develop CVT, mechanical cleavage 
and dry transfer for van der Waals stack assembly for this thesis.   
Therefore, this chapter will first start with a description of single crystal growth via 
CVT, followed via a top-down method, mechanical exfoliation, to reduce the bulk 
crystals to monolayers. Moreover, several experimental techniques have been developed 
in our laboratory to place the atomic flakes on desired locations in a controlled way in 
order to achieve the artificial assembly of atomically controlled 2D heterostructures.  
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It is well-known that the atomic structure has significant influence on the physical 
properties of atomically thin layers of materials. For example, heterogeneous atomic 
distribution in CVD-grown TMD alloy flakes can result in the shift of the PL emission 
peak across the flake106,107. Therefore, the visualisation of the atomic structure is essential 
for the investigation of alloys. However, knock-on damage occurs rapidly once these 
atomically thin layers are exposed to the high-energy electron beam in an electron 
microscope. Here, to mitigate this damage, a novel procedure for TEM characterisation 
has been developed. 
3.2 Crystals synthesis  
3.2.1 Compounds preparation 
As introduced in section 2.1.1, element powders of metals (M = Mo, W and Nb, with 
purity 99.99%) and chalcogens (X = S, Se and Te, with purity 99.99%) were 
stoichiometrically added to an ampoule with inner diameter 1.2 cm. This ampoule was 
pumped down to a pressure of 10-5 torr and sealed. Before placing the ampoule in a box 
furnace, as shown in Figure 2.3, the ampoule was shaken for several hours to mix the 
powder uniformly. There are three heating cycles for the TMD compound preparation, as 
shown in Figure 3.1. During the first cycle, the furnace temperature was ramped to 150°C 
at a rate of 15°C/h and maintained at this temperature for 1 hour. After this time, the 
furnace temperature was similarly ramped to 300°C, followed by 1 hour at 300°C, and 
then to 450°C at the same rate, with a final dwelled at that temperature for 72 hours as 
shown in Figure 3.1a. In the end, the furnace was allowed to cool to room temperature62.  
The temperature profile of the second cycle was similar to the first, heating by 150°C 
at 15°C/h then dwelling for 1 hour, except that the furnace temperature reached 750°C, 
Figure 3.1b62. For the final cycle, Figure 3.1c, the temperature profile was initially similar, 
but once the furnace reached 750°C, a dwell of 10 hours was used as a precaution to avoid 
explosion. Next, the temperature was further increased to 1000°C and dwelled for 72 
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hours, before allowing to cool down to room temperature62. Figure 3.2 shows photographs 
of MoS2 compound preparation before and after each heating cycle.  
  
 
Figure 3.1. Heat profiles for transition metal dichalcogenide (TMD) powder preparation. 
Heating profiles of (a) first heating cycle dwelling at 450°C, (b) Second heating cycle heating 
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The ampoule was carefully broken and the synthesised powder was collected and 
characterised by X-ray diffraction (XRD). Figure 3.3 shows powder XRD patterns of 
Mo0.29W0.71S2 and WS2 compounds, with predicted diffraction patterns for 2H and 3R 
WS2 single crystals shown at the bottom108,109. The first observation from these X-ray 
scattering patterns is that the powder has already formed compounds and crystallites. 
Secondly, the phase of these compounds can be determined directly via comparing the X-
ray scatterings (Figure 3.3a and 3.3b) with the predicted patterns (lower in Figure 3.3b). 
The matched peaks are labelled by the purple triangle symbols: both compounds can be 
identified as 2H polytypes. Moreover, the crystal structure of Mo0.29W0.71S2 compounds 
are closer to 2H-WS2 than to 2H-MoS2.  
The peak profiles in Figure 3.3 are much broader than those from single crystal 
samples (see Figure 4.4 in Chapter 4). The peak profiles can be influenced by many 
factors such as instrument resolution, crystallite size, micro-strain, solid solution 
inhomogeneity and temperature110–112. As these powder diffraction patterns were 
 
Figure 3.2. Photos of compound preparation in an ampoule before and after heating. (a) 
Mixture of element powder, sulphur and molybdenum. (b) Products of first heating cycle with 
maximum temperature at 450 °C. (c) Compounds of second heating cycle dwelling 
temperature at 750 °C. (d) Compounds of final heating cycle reaching temperature 1000°C.  
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performed in the same instruments under the same conditions, the peak width broadening 
in Figure 3.3 is mainly attributed to the crystallite size, indicating the crystallites are 
small. Assuming that the dominant contribution to the peak width is the crystallite size, 
the characteristic crystallite size can be estimated from the Scherrer equation110,111 
 𝐵𝐵(2𝜃𝜃) =  𝐾𝐾𝜆𝜆
𝐿𝐿 𝑣𝑣𝑆𝑆𝑆𝑆𝑐𝑐
 ,  3. 1 
in which 𝐵𝐵 is the peak width, 𝐾𝐾 is the Scherrer constant, 𝜆𝜆 is the wavelength of the X-ray 
source, 𝜃𝜃 is the Bragg angle and 𝐿𝐿 is the average crystallite size perpendicular to the 
reflecting planes110,111. Hence, the crystallite size can be simply estimated from the XRD 
patterns and is inversely proportional to the peak width. The peaks in Figure 3.3a are 
wider than those in Figure 3.3b, but also there is variation in peak widths within each 
spectrum e.g. the peaks of planes (100), (101) and (102) etc. This can be attributed to the 
solid solution inhomogeneity leading to variation in composition that creates a 
distribution of d-spacing for a crystallographic plane113. However, taking a typical peak 
 
Figure 3.3. X-ray diffraction patterns of Mo1-xWxS2 compounds in powder form before CVT. 
(a) X-ray powder diffraction pattern of Mo0.28W0.72S2. (b) X-ray powder diffraction pattern of 
pure WS2. Lower panels show predicted diffraction patterns for the common 2H and 3R 
polytypes of single crystal WS2108,109. The symbols with different colours and shapes mark the 
peaks matched with those in the expected diffraction patterns, as labelled. 
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width, we can estimate a crystallite size around 37 nm and 77 nm in Mo0.29W0.71S2 and 
WS2 powders, respectively. 
3.2.2 Chemical vapor transport (CVT) 
The synthesised compounds (typically between 2 and 3 grammes) and transport agent 
(iodine crystals, the amount of which depended on the volume of the sealed quartz tube) 
were added to a new quartz tube with larger inner diameter (typically around 1.6 cm). 
The tube was evacuated to 10-6 mbar whilst being cooled by ice to stabilise the iodine, 
and then sealed. The length of the tube, around 30 cm, defines the length of travel of the 
vapor phases. For crystal growth, a tube furnace with three heat zones was used, as shown 
schematically in Figure 2.4b. The temperatures of the source/charge and growth zones 
were ramped at a rate of 70°C/h to 1050°C and 950°C, respectively. A typical growth time 
was around 20 days after achieving the desired temperature, but it varied for specific 
materials. Finally, the furnace was air cooled to room temperature over around one day.    
3.2.2.1 Synthesis of Mo1-xWxS2 single crystals  
For a transport system with MS2/I2/H2O (M = Mo or W), the migration of MS2 can be 
achieved via vapor phases of MO2I2 and S2 in the reversible reaction62,63 
MS2 (s) + 2H2O (g) + 3I2 (s) ⇌ MO2I2 (g) + 4HI (g) + S2 (g) . 
 
Figure 3.4. Heat profiles for the charge and growth zone of the box furnace during CVT. The 
black solid line represents the temperature of the charge zone against time, while the red line 
is for that of the growth zone.  
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The hot vapor phases form at the source zone, then diffuse towards the cooler end of 
the quartz tube. When they hit the glass wall at the cooler end (growth zone), the MS2 
crystals start to nucleate and grow. The conditions during growth, such as temperature (T 
+ ∆T) at the source zone, temperature T at the growth zone, temperature gradient (∆T) 
over the tube as schematically shown in Figure 2.2a (the temperature does not linearly 
decrease along the tube), flux of the transport agent, the growth time and the amount of 
source materials etc., lead to different final products.   
For example, the size of Mo0.5W0.5S2 single crystals are around 1-2 mm when the 
growth temperature is 900°C in Figure 3.5b, however they can achieve 1-2 cm when the 
 
Figure 3.5. Influence of growth parameters on the single crystal products. (a) Mixture of 
Mo0.5W0.5S2 compounds and I2 crystals before and after CVT. The length of tube is around 30 
cm. The temperature of the source and growth zone were set to 1030 and 980°C, respectively. 
Magnified image of its growth zone is presented at right. (b) A new quartz tube with 
Mo0.5W0.5S2 compounds and I2 crystals before and after CVT. The length of this tube is around 
25 cm, with source and growth temperatures at 1050 and 900°C, respectively. (c) The same 
quartz tube in 5b before and after a second CVT cycle, the source and growth temperature 
were 1050 and 950°C, respectively.  
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growth temperature goes to 950°C as shown in Figure 3.5c. Meanwhile the length of the 
quartz tube also affects the final products, since this will influence the diffusion length of 
the vapour phases (WO2I2, HI and S2) and the temperature distribution along the tube. For 
instance, the tube is around 29 cm in Figure 3.5a and around 25cm in Figure 3.5b, but 
under the same growth conditions small Mo0.5W0.5S2 single crystals can only be obtained 
in the smaller tube (Figure 3.5b). 
CVT conditions were determined for the growth of a series of Mo1-xWxS2 alloys, as 
summarised in Table 3.1. 
3.2.2.2 Synthesis of Nb1-xWxS2 and Nb1-xWxSe2 single crystals 
The growth parameters of Nb-containing WS2 alloys, e.g. the growth time and the 
length of tubes, were similar to those of the Mo1-xWxS2 alloys. However, the temperature 
of source and growth zone were different. The source temperature was set to 1050°C while 
the growth temperature was set to 930°C for Nb1-xWxS2 alloys114,115. The CVT parameters 
are summarised in Table 3.2. Three compositions of Nb1-xWxS2 powders were made, but 
only Nb0.1W0.9S2 single crystals was successfully obtained by CVT. 
For Nb-containing WSe2 single crystals, the growth parameters were close to those 
used for pure WSe2 synthesis. The source temperature was set to 1000°C while the growth 
temperature was 850°C62,116,117. The flux of transport agent for the selenides was slightly 
lower than for the sulphides due to the different chemical reactions involved. The growth 
conditions for these samples are summarised in Table 3.2.   
The reversible reaction of a selenide is116,117 
2WSe2 (s) + 3I2 (g) ⇌ 2WI3 (g) + 2Se2 (g) . 
Similarly, to the sulphides, the hot vapor phases formed at the source then diffuse towards 
the growth zone. When the vapors meet the colder glass wall, crystals start to nucleate 
and grow.  
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Table 3.1. CVT growth conditions for Mo1-xWxS2 single crystals. 
Compositions 
Source temperature T1 
(°C) 




Flux of agent 
(g/cm3) 




MoS2 1050 950 20 10 28 - 29 0.5 - 1 
Mo0.82W0.18S2 1050 950 20 5 27 - 28 1 - 2 
Mo0.63W0.37S2 1050 950 20 10 28 - 29 2 - 3 
Mo0.51W0.49S2 
1050 900 21 8 25 3 - 4 
1050 950 21 8 25 10 - 15 
Mo0.31W0.69S2 1050 950 20 5 27 - 28 1 - 3 
Mo0.28W0.72S2 1050 950 20 10 28 - 29 10 - 20 
Mo0.14W0.86S2 1050 950 20 5 27 - 28 0.5 - 1 
WS2 
1050 950 28 10 29 0.5 - 1 
1050 950 20 10 27 - 28 2 - 3 
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Flux of agent 
(g/cm3) 




Nb0.1W0.9S2 1050 930 20 8 27 0.5 - 1 
Nb0.17W0.83Se2 1000 830 20 5 27 3 - 4 
 
 








Flux of agent 
(g/cm3) 




Re-MoS2 1030 950 20 8 28 3 - 4 
WSe2 1000 850 14 5 27 3 - 4 
WSSe 1000 900 20 5 28 2 - 3 
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3.2.2.3 Synthesis of other single crystals (Re-MoS2 and WSe2) 
As introduced in Chapter 2, two techniques, CVD and CVT, are widely used in 
synthesis of doped or alloyed layered TMD (MX2) materials11. However, the 
composition of CVD-grown MX2 monolayer alloys can be inhomogeneous. Moreover, 
the composition of the as-grown monolayers is not always directly defined by the 
stoichiometry of the source material59,106. Therefore, compared to CVD, CVT can be a 
better choice for controllable synthesis for material doping and alloying. 
3.3 Mechanical exfoliation  
Single crystals were flatly and gently placed on a piece of scotch tape. The tape was 
fixed on a stage with the sticky side face up, a new tape was put on it gently, then this 
tape was split rapidly at a low angle. Normally, the crystals on the fixed tape were thicker, 
thus the other tape was folded several times to split and thin down the crystals. After that, 
the tape was stuck to a clean SiO2/Si wafer, pressing gently to remove bubbles between 
the tape and wafer. It was noted that the tape should be peeled off at a low angle and 
rapidly. The most important step was to then scan the whole wafer and identify thin flakes 
through their contrast in the optical microscope. For this, the thickness of the oxide layer 
is important69. For most of the work reported in this thesis, 100 mm p-doped Si wafers 
with resistivity of 1-10 Ohm.cm, thickness of 525 µm, single side polished and thermal 
oxide of thickness 300 nm were used, purchased from IDB Technologies. 
This form of mechanical exfoliation was first used to exfoliate bulk graphite onto 
SiO2/Si wafers, making their single-layer form visible69. Although many techniques, top-
down methods e.g. electrochemical exfoliation, bottom-up methods e.g. CVD and atomic 
layer deposition (ALD) etc., have been developed to synthesise monolayer materials, 
mechanical exfoliation is still the first-choice technique for assembling high quality 
stacks5,18. Hence, this technique has been improved/developed later by optimising the 
temperature at which the exfoliation is made and the holding time for the tape on the 
wafers71.  
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3.3.1 SiO2 substrate 
After the tape was pressed onto a SiO2/Si wafer, the best exfoliation condition found 
for graphite was to place the wafer on a hotplate at 100°C for 3 minutes71. To optimise 
the exfoliation conditions for other 2D materials, such as hBN, MS2 and MSe2 (M = Mo, 
W and Nb), many experiments were performed, changing the exfoliation temperature 
and the holding time. The parameters yielding the best samples are listed in Table 3.4. 
Figure 3.6 shows examples of typical graphene, hBN and Mo0.5W0.5S2 flakes found under 
the optimised exfoliated conditions. 
Table 3.4. Optimised mechanical exfoliation conditions for various 2D materials, on SiO2 wafers. 
Materials Temperature (°C) Time (minutes) 
hBN 100 5 minutes 
Graphene 100 3 minutes 
MX2 (X = S) 130 2.5 minutes  
MX2 (X = Se) 100 2 minutes  
WSSe 120 3 minutes 
 
3.3.2 Other substrates 
For exfoliating TMD crystals on a CVD-grown graphene on a copper foil, the 
temperature of the hotplate was set to 130°C and the holding time to 2.5 minutes. After 
cleaving the tape at a low angle, monolayer TMD flakes could easily be found on the 
graphene/copper foil via their optical contrast, as shown in Figure 3.7a.  
 
Figure 3.6. Optical images showing exfoliated flakes of different 2D materials on SiO2 
substrates: (a) graphene, (b) hBN and (c) Mo0.5W0.5S2. 
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For PMMA and polyvinyl alcohol (PVA) coated Si wafers, the exfoliation procedure 
was slightly different. The PMMA/PVA/Si wafer was placed on a hotplate with 
temperature set to 130°C. After the temperature of the wafer reached 130°C, it was moved 
to a stage then the tape with thin crystals was pressed on the wafer immediately, holding 
for one minute. As before, the tape was cleaved at a low angle and monolayer TMD 
flakes could be found by optical microscopy as shown in Figure 3.7b.     
3.4 Van der Waals heterostructures assembly 
As described in Chapter 2, there are two main methods widely used in van der Waals 
stack assembly, pick-and-place (PDMS) transfer and PMMA dry transfer18,118. In our 
laboratory, a transfer system (as shown in Figure 3.8) has been built and developed for 
both of these two techniques. 
There are three main parts to the system: an optical microscope, a sample stage and a 
transfer arm. The sample stage connects to the optical microscopy and is rotatable. 
Samples are fixed in place using a vacuum chuck whose temperature can be accurately 
controlled. The sample stage moves in both X and Y axes (horizontally), while the optical 
objective can move in the Z axis to adjust the focal plane. The transfer arm is mounted 
on an XYZ micromanipulator, so the stamps/plectrums can be moved accurately (better 
than 1 µm) in the X, Y and Z axis, even tilting in the XZ-plane, once they are mounted 
on the transfer arm.    
 
Figure 3.7. Optical images of exfoliated TMD flake on different substrates: (a) on CVD-grown 
graphene and (b) on PMMA/PVA coated Si wafer as substrates. 
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3.4.1 Pick-and-place transfer 
Prior to the pick-and-place procedure, it is essential to make a good PDMS stamp.  
The PDMS stamp is a stack of glass slide/ double-sided sticky tape/ PDMS/ 
polypropylene carbonate (PPC) film/ Scotch tape.  
There are two steps for PDMS fabrication. The PDMS base and its curing agent 
(purchased from Sigma Aldrich) are first mixed in the volume ratio 10:1. The PDMS is 
poured into a petri dish and dried by heating in a vacuum oven at 100°C for 2 hours. Then 
the cured PDMS is cut into small discs around 5 mm in diameter and 1 mm in thickness. 
To aid with smooth peeling onto and away from the substrate, the top surface of the 
PDMS should be a concave dome. To form this, a droplet of PDMS is placed on a cured 
PDMS disc and cured upside down under the same conditions. Since they are the same 
material the droplet spreads on the disc. The balance of surface tension and gravity forms 
a dome shape on the PDMS during the curing procedure. 
 
Figure 3.8. Photo of the dry transfer system in the laboratory at the University of Warwick for 
pick-and-place (PDMS) and PMMA transfer techniques.  
Chapter 3: Synthesis of TMD Alloys and Hetero-structure Assembly 
66 
A piece of double-sided sticky tape is placed on one end of a glass slide and a PDMS 
dome is positioned in the middle of the tape. A hole (5 mm) is punched in the middle of 
a piece of scotch tape, a PPC film (8% weight percentage PPC dissolved in chloroform) 
is stuck down onto the tape. This PPC film plays an important role during pick-up. The 
PDMS dome is coated by the PPC film, slightly stretched. Therefore, the final structure 
of the stamp is as schematically shown in Figure 10: the dome area is transparent so that 
flakes can be seen through it. 
The procedure of pick-and-place transfer is illustrated in Figure 3.9, with an example 
at the side of the figure. A SiO2/Si wafer with exfoliated graphene is placed on the 
temperature-controlled vacuum stage (Figure 3.9a). The sample stage is first set to 80°C, 
a clean area of the wafer is found and aligned to the centre of the PDMS stamp. To test, 
the stamp is first lowered via the z-axis micromanipulator of the transfer arm until a 
touching area can be observed via the optical microscope, then lifted. When no bubbles 
form between the PDMS and PPC film, and no damage is observed on the PPC film, the 
stamp is ready for pick-up. The targeted graphene is then aligned to the centre area of the 
stamp and the stage temperature set to 100°C. The procedure is the same, the stamp is 
brought down to touch the graphene flake then raised upwards rapidly; the graphene is 
picked-up from its SiO2/Si wafer and adheres to the PDMS stamp.  
Next, the picked-up flake is aligned to a second layer and the sample plate is set to 
130°C, as shown in Figure 3.9c. The targeted TMD flake can be picked up by the 
graphene and PPC film via the same operation. The example shown here is to make a 
van der Waals stack in a sequence of partial coverage graphene/TMD flake/hBN. For 
more complicated stack assembly, the procedure can be repeated to stack more layers. 
However, the temperature of the sample plate may need to be varied from 100 to 130°C 
depending on the pick-up materials. Finally, the assembled stacks can be placed on many 
substrates, e.g. SiO2/Si wafer with metal coatings, deposition electrodes or exfoliated 
flakes on top, depending on the sample requirements. The example shown here in Figure 






Figure 3.9. Schematic diagrams showing, step-by-step, the pick-and-place (PDMS) transfer. (a) Pick-up of the first layer. (b) Alignment of the first layer with the 
second layer. (c) Approach and contact with the second layer and SiO2/Si wafer. (d) Alignment of the top two layers with the bottom layer. (e) Approach of the 
stamp to complete the heterostructure. (f) Deposition of the structure on the wafer. Optical images are shown as examples at each stage of the fabrication of a van 
der Waals stack by this hot pick-and-place method.
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After aligning the stack to the new hBN layer, the stamp is brought down to contact 
with the wafer, then the stage temperature is set to 175°C for 5 minutes to melt the PPC 
film. Afterwards, the transfer arm is lifted immediately; the centre area of the PPC film 
will be teared and left on the wafer as shown in Figure 3.9f. 
Subsequently, the PPC film can be dissolved in a chloroform solution at 90°C for 30 
minutes. Then placed in acetone to wash away the chloroform and finally rinsed in iso-
propyl alcohol before drying. To remove any remaining polymer residue, the sample can 
be placed in an annealing furnace; normally, a temperature of 250°C (sometimes 300°C) 
at a ramping rate 8°C/min is used, and the sample is annealed for 4 hours under a mild 
vacuum (about 10 Torr ) with a low flow of gas (5% H2 in Ar). 
3.4.2 PMMA Dry transfer  
A PVA layer (3% weight percentage 50k PVA dissolved in H2O, purchased from 
Sigma Aldrich) was spin coated with a spin speed of 5000 rmp onto a clean piece of Si 
wafer (around 5 cm × 5 cm). The substrate was then baked at 130°C for 5 minutes 
immediately after spin-coating. Then a PMMA layer (A8, 8% weight percentage 950k 
PMMA dissolved in anisole, purchased from Sigma Aldrich) was spin coated onto the 
PVA coated Si wafer at the same spin speed and again baked at 130°C for 5 minutes. The 
combined thickness of the PVA and PMMA layer was controlled to be around 400 nm. 
This PMMA membrane was then attached to a plectrum to be used as a stamp18,119.  
As described in section 3.3.2, TMD crystals were exfoliated onto pieces of 
PMMA/PVA/Si wafer, as shown in Figure 3.10a. A circle ring scratch, with diameter 
slightly larger than the circular ring of the plectrum, was drawn using a scalpel that is 
sharp enough to penetrate the PMMA and PVA layer. Then the wafer was immersed in 
fresh DI water in a petri dish. The sacrificial PVA layer dissolves in the DI water, after 
which the PMMA layer floats to the surface of the DI water, as shown schematically in 
Figure 3.10b. A plectrum was prepared by dipping in PMMA (A4, 4% weight percentage 
950K PMMA dissolved in anisole, purchased from Sigma Aldrich) and baking at 130°C 
for several minutes. After that, the A8 PMMA membrane with target flake was 
transferred onto the plectrum which was immediately placed on a hot plate and heated at 






Figure 3.10. Schematic diagrams showing the PMMA transfer step-by-step. (a) A monolayer is found on a PMMA/PVA/Si wafer. (b) The PVA layer is dissolved 
in fresh DI water. (c) The PMMA membrane is transferred onto a plectrum. (d) The top layer on the PMMA membrane is aligned to the bottom layer. (e) The top 
layer is brought into contact with the bottom layer. (f) The PMMA membrane is lifted-up, leaving the stack on the SiO2/Si wafer. Optical images are shown as 
examples of the fabrication of a van der Waals stack by this method.
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The plectrum was attached to one end of a glass slide, and this slide fixed to the 
transfer arm. The target TMD flake on PMMA was re-found in the optical microscope 
(Figure 3.10d) and aligned to a graphite flake on the SiO2/Si wafer. After that, the 
temperature of the sample stage was set to 70°C, and the transfer arm brought down, so 
that the PMMA membrane approached the surface of the silicon. The temperature was 
increased to 80°C, using the round head of a tweezers to press the PMMA membrane to 
the wafer slightly making a small contact area, then this contact area would gradually 
expand, bringing the target flake into contact with the graphite (Figure 3.10e). After that, 
the plectrum was lifted leaving the TMD flake on the graphite (Figure 3.10f). Although 
the example shows a double-layer stack, the method is not limited to this. The procedure 
can be repeated to build up more complicated structures with more layers. 
The example shown in Figure 3.10 is ideal since there are no breaks in the PMMA 
membrane during transfer. However, this is often not the case due to the fragility of the 
PMMA membrane. When there is a break or crack in the membrane, some areas adhere 
such that some of the PMMA membrane is left behind on the transfer arm / plectrum 
after lifting. To solve this, the PMMA layer is scratched/cut via tweezers with sharp tips; 
hence, the adhesive areas are left on the substrate.   
To remove the PMMA from the silicon, the piece of wafer was immersed in acetone 
at 90°C for several hours. However, compared to the PPC film, the PMMA is not easy to 
remove. More of the polymer residue can be removed by an additional annealing step, 
this time at 300°C for 5 hours. 
3.4.3 Comparison of PDMS and PMMA transfer 
Compared to the PMMA transfer, the pick-and-place PDMS transfer has advantages 
in the preparation of the exfoliated flakes, especially for thin layers (e.g. mono- and bi-
layers). As shown in Figure 3.6 and Figure 3.7b, the contrast of samples (monolayer 
graphene and Mo0.5W0.5S2) on SiO2/Si wafers under an optical microscopy is greater than 
those (monolayer Nb0.1W0.9S2) on PMMA/PVA/Si wafers. When a van der Waals stack 
is successfully assembled without leaving PMMA membrane on top, i.e. by peeling away 
the PMMA, it is much cleaner than samples assembled via the PDMS pick-and-place 
transfer. However, when there is PMMA membrane left on the stacks, the samples from 
the pick-and-place are superior, especially for TEM samples, since the PPC film is easier 
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to remove. This is clear from comparison between Figure 3.15a and 3.15c: there are much 
larger contamination free regions in Figure 3.15c.         
Although thin materials are easier to find on SiO2/Si wafers, they are not strong. 
Hence, the pressure introduced during the pick-and-place procedures can cause cracks 
and folds in the 2DM flakes. Another significant drawback of the pick-and-place 
technique is that it relies on a specific top layer (hBN or graphene) to pick the subsequent 
layers, hence the sequences of stacks are limited. In summary, each technique has 
advantages and disadvantages and the fabrication process must be chosen to match the 
samples that are required.    
3.4.4 Sample fabrication for ARPES  
Since ARPES measurements are surface sensitive, the requirement for cleanness is 
high. As introduced in Chapter 2, the measurement is also sensitive to the sample 
geometry, and therefore flat samples are required. Figure 3.11a shows a schematic cross 
section of an assembled van der Waals stack, Nb0.17W0.83Se2/Graphite on a 
Pt(20nm)/Ti(2nm)/Si substrate, for ARPES measurements. The monolayer area is very 
small making it difficult to distinguish by optical microscopy (Figure 3.11b). 
Nevertheless, 2 µm by 2 µm monolayer and 2 µm by 8 µm bilayer regions were 
confirmed by atomic force microscopy (AFM) (Figure 3.11c). The AFM image shows a 
clean and homogeneous specimen without visible contaminants or bubbles. 
 
Figure 3.11. ARPES sample fabrication via the pick-and-place technique. (a) Schematic 
Figure shows the cross-section of the ARPES sample: van der Waals stack (top) on metal-
coated Si wafer. (b) Optical image of the stack, the monolayer region is too small to be seen. 
(c) An AFM image, from the region marked by the red box in Figure 4b, showing the bilayer 
and monolayer regions. 
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3.5 A novel way to prepare TEM samples   
3.5.1 Preparation of TEM samples of single 2DMs 
Preparing 2DM samples for TEM, from single crystals, requires first mechanical 
exfoliation and then transfer of the resultant flakes to a TEM support grid. The simplest 
and quickest way is to transfer the flakes alone, without the fabrication of a 
heterostructure. The procedure for this is shown schematically in Figure 3.12, with 
optical images illustrating the process with Mo1-xWxS2 flakes. A PMMA layer was spin-
coated on pieces of SiO2/Si wafers with exfoliated Mo1-xWxS2 flakes (around 20 µm by 
8 µm). The SiO2/Si pieces were immersed in 2M potassium hydroxide (KOH) solution 
at 90°C for 20 minutes which etched the SiO2, releasing the PMMA coating which floated 
to the surface with the TMD flakes attached. To wash away the KOH residues, the 
PMMA layer was transferred to several batches of fresh DI water. Then a copper TEM 
grid (mesh size 400 µm) with a lacey carbon support film was used to capture the PMMA. 
Finally, the grid was immersed in acetone at 90°C for several hours to remove the 
PMMA, leaving the TMD flakes on the lacey film as shown in the optical images in 
Figure 3.12. The monolayer area is almost invisible in the optical images but can be 
clearly resolved in the TEM images in Figure 3.12. 
3.5.2 A novel way for encapsulated TEM samples preparation  
As discussed in Chapter 2, although knock-on and ionisation mechanisms are both 
observed during imaging semiconductor TMD crystals120,121, the dominant beam damage 
mechanism here is radiolysis since the electron beam energy 80 keV is lower than the 
experimentally determined threshold energy for atomic displacements for most 2D TMD 
materials93. An encapsulation layer can be effective in protecting the specimen94, 
however, there are several considerations for choosing an effective coating material. 
i. The material should give low background signal so that the signal-to-noise (S/N) 
ratio is high120,121.  
ii. The material should be a good electrical and thermal conductor so that the effects 




Figure 3.12. Wet transfer of TMD flakes exfoliated on SiO2 wafer using a PMMA coating as a supporting layer. Optical images show an example of a Mo0.63W0.37S2 




Figure 3.13. Schematic diagrams showing the technique developed for fabrication of TEM samples of encapsulated TMD flakes. (a) Coat graphene-on-copper 
with a PPC film. (b) Etch away the copper foil. (c) Exfoliate TMD flakes onto the CVD-grown graphene-on-copper foil. (d) Transfer the structure PPC film / 
graphene onto the stack TMD flake / graphene / copper foil. (e) Etch away the copper foil. (f) Transfer the stack (PPC film / graphene / TMD flake / graphene) 
onto a new SiN grid. The optical images show an example of a Re-MoS2 monolayer prepared for TEM analysis via this technique. 
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Graphene ideally satisfies these constraints, so we developed a technique for 
fabricating graphene encapsulated flakes for TEM analysis.   
The pick-and-place techniques described earlier in this chapter could be used for 
encapsulating flakes in graphene (see next section). Nevertheless, the process has many 
steps, the yield can be low when using only such thin layers in the stacks and transferring 
the resultant heterostructure to the TEM grid can be complicated. To address this, we 
developed a wet transfer technique using large-area CVD grown graphene on copper foil, 
as shown schematically in Figure 3.13122. 
First a polymer-supported floating layer of CVD-grown graphene is formed. A PPC 
film is spin-coated onto a piece of copper foil which has been covered by graphene using 
CVD. The foil is placed on top of an ammonium sulphate solution (50 mg/ml) for 30 
minutes. The ammonium sulphate etches the copper, breaking the graphene coating on 
the back side of the foil. The damaged graphene is washed away by DI water. Then the 
foil is replaced on the ammonium sulphate solution for a few more hours to finish etching 
away the copper foil, leaving the PPC supported graphene floating on the surface. This 
is washed by carefully transferring to three successive petri dishes of fresh DI water.  
Next, TMD crystals are exfoliated on to another piece of CVD-grown graphene and a 
monolayer area found by optical microscopy as shown in the optical image in Figure 
3.13. The PPC film/graphene is transferred onto the targeted area and the stack is heated 
to 45°C for 30 minutes on a hot plate to remove the water trapped between the top and 
bottom graphene. Then the back-side graphene and copper foil are removed as previously 
described.  
Finally, the stack (PPC film/Graphene/TMD flakes/Graphene) is transferred onto a 
SiN grid and the PPC film dissolved in chloroform solution. An optical image of a 
completed sample in Figure 3.13, shows the successful transfer of the target area/flake.  
3.5.3 Encapsulated TEM sample via dry transfer 
Encapsulation by wet transfer with CVD-grown graphene, as described above, proved 
to be a comparatively simple and high-yield approach. But it does have some limitations: 
mechanical exfoliation of each type of flake onto the graphene on copper must be 
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optimised and more complicated heterostructures are difficult to make in this way. For 
this reason, we also developed TEM sample fabrication by pick-and-place transfer. 
Figure 3.14a schematically shows a van der Waals stack (graphene/Nb0.1W0.9S2) on an 
amorphous carbon coated SiN grid with a single central hole to facilitate finding the 
sample. First, graphene was picked up by a PDMS/PPC film, as described before, and 
this was used to pick up a Nb0.1W0.9S2 flake. The SiN grid was coated with an amorphous 
carbon layer, to reduce charging and increase adhesion of the stack. The grid was stuck 
to a glass slide and mounted on the sample stage of the pick-and-place system. The 
desired stack was aligned to the central hole and put down on the SiN grid. Finally, the 
PPC film was dissolved by chloroform and then annealed at 200°C for 4 hours.       
With this methodology, it was difficult to accurately align the area of interest, i.e. the 
monolayer/bilayer region, with the SiN membrane hole. The Nb0.1W0.9S2 flake was not 
visible in the optical images (Figure 3.14b) since the area was too small (white arrow 
indicates the flake position). Nevertheless, the monolayer/bilayer Nb0.1W0.9S2 specimen 
can be observed at low magnification in STEM (Figure 3.14c), the flake is clean with 
little visible contamination, indicating that the 10 µm by 4 µm monolayer/bilayer flake 
was successfully and precisely placed on the 20 µm hole.  This demonstrates that this 
transfer system is clean, accurate and reliable.  
 
Figure 3.14. TEM sample fabrication. (a) Schematic figure showing the cross-section of SiN 
grid (top) and the van der Waals stacks (bottom) on amorphous carbon coated grid. (b) Optical 
image of the stacks (the monolayer region is too small to be seen). (c) Corresponding STEM 
image at low magnification showing the stacks suspended on the hole of SiN grid. 
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3.5.4 Annealing 
As a final step, to remove water, polymer residues and other contaminants such as 
adventitious carbon, the TEM grids were carefully annealed in a vacuum tube furnace. 
This was necessary for samples made both by dry and wet transfer. The tube furnace was 
operated at low pressure (around 10 Torr) under a low flow of a mixture of H2 and Ar2  
gas The samples were heated to 200°C at a rate of  8°C/minute, maintained at that 
temperature for 4 hours and then allowed to cool to room temperature. STEM analysis 
was performed as soon as possible after removal from the annealing furnace. 
3.5.5 Comparison of TEM samples  
Figure 3.15a is an ADF-STEM image of a Mo0.63W0.37S2 monolayer prepared without 
encapsulation using the wet transfer described in section 3.5.1, using an A4 PMMA as 
the supporting layer. Most of the flakes are lying on lacey film so they are exposed to the 
electron beam during characterisation. The beam will damage/burn a monolayer rapidly 
before the line-by-line STEM scans finish. Moreover, in the image captured before 
damage, many regions are covered by thick amorphous contamination that obscures the 
flake to be covered. The dominant source of this contamination is polymer residue from 
the A4 PMMA which cannot be fully removed by annealing. Therefore, although this 
method is comparatively simple and is widely used in TEM sample preparation, its 
disadvantages are obvious.   
Figure 3.15b shows an ADF-STEM image of a Re-MoS2 monolayer prepared using 
the novel protocol introduced in section 3.5.2. The TMD flake is encapsulated by a top 
and bottom layer graphene, considerably reducing the electron beam damage. The PPC 
support film used for the transfer, 1wt% PPC dissolved in chloroform, is easier to 
remove. As a result, there are larger contamination free regions in Figure 3.15b compared 
to Figure 3.15a. 
Figure 3.15c shows an ADF-STEM image of a Nb0.1W0.9S2 monolayer prepared by 
the dry transfer technique described in section 3.5.3. The graphene covering on the TMD 
flake makes the characterisation process easier and improves the quality of the images. 
Although a thicker PPC film was used, 8wt% PPC dissolved in chloroform, there are still 
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large enough contamination free regions to allow statistical analysis of the atomic 
structure. 
Comparing the ADF images in Figures 3.15b and 3.15c, both techniques allow the 
preparation of stable and clean samples suitable for high-resolution STEM analysis. 
However, compared with dry transfer, the G/TMD/G stack assembly via direct 
exfoliation is faster and cheaper. Therefore, this method can be a good alternative to dry 
transfer for imaging TMD monolayers.   
3.6 Conclusion  
In summary, single crystals of pure and alloy TMD materials such as Mo1-xWxS2, 
Nb0.1W0.9S2, Nb0.17W0.83Se2, WSeS and WSe2 have been synthesized by CVT. A dry 
transfer system has been developed for the 2D heterostructure fabrication and optimised 
for the sample designs required for this thesis; both PDMS and PMMA based transfers 
have been shown to be effective for the fabrication of samples of different types. 
Moreover, a novel transfer method was developed to prepare encapsulated TEM samples. 
As will be shown in the following chapters, the preparation of high-quality and clean 
heterostructure samples via these techniques is necessary for detailed atomic and 





Figure 3.15. Comparison of ADF-STEM images of TEM samples prepared via different transfer techniques. (a) ADF-STEM image of a Mo0.63W0.37S2 monolayer 
prepared by the PMMA transfer method shown in Figure 3.12. (b) ADF-STEM image of a Re-MoS2 monolayer, under the same image conditions, prepared by the 
novel wet transfer method shown in Figure 3.13. (c) ADF-STEM image of a Nb0.1W0.9S2 monolayer prepared by the pick-and-place transfer technique.
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Chapter 4: Atomic and Electronic 
Structure of Random Distributed 
Alloys  
4.1 Introduction  
Recently, several studies have focused on how to control/tune the atomic and 
electronic structure of the semiconducting MoWSeS TMD family via 
alloying39,40,56,57,123. Optical spectroscopy measurements have been used to indirectly 
determine band structure parameters like the band gaps40,56 and the SOC splits at the 
band edges39. However, there is an obvious drawback; these measurements, primarily 
based on PL, do not accurately determine the single-particle electronic structure. The 
optical band gaps measured via PL correspond to the energy given out by the 
recombination of an electron in the CB and a hole in VB which are bound together 
through the Coulomb interaction to create an exciton. The high exciton binding energies 
complicate and obscure the analysis of electronic structure parameters from these optical 
spectroscopy measurements22,124. By contrast, ARPES measurements based on a 
photoemission process are more direct, giving a visual representation of the full VB 
structure from which the electronic structure parameters can be directly measured22.  
Therefore, this chapter will focus on 2D Mo1-xWxS2 alloys, correlating the evolution 
of the atomic structure (directly measured by electron microscopy) and the electronic 
structure (measured by ARPES) as a function of W content (x), and comparing these 
measurements to first principles calculations. To achieve this, TMD alloy crystals were 
initially synthesised via CVT, as described in section 3.2, and their composition was 
carefully measured using a combination of analytical techniques. The atomic structure 
of Mo1-xWxS2 monolayer flakes (shown schematically in Figure 4.1) was visualised 
using ADF-STEM imaging, quantitatively analysed, and compared to first principles 
calculations and Monte Carlo simulations. These direct measurements of the atomic 
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structure revealed that the W atoms are randomly distributed in the Mo matrix with 
atomic arrangements consistent with those thermodynamically expected.  
To directly study the electronic structure changes in Mo1-xWxS2 alloys, ARPES 
measurements were undertaken on these well-characterised single crystals, revealing 
how the SOC scaled linearly with the stoichiometry (x). Linear scaling DFT, using large 
unit cells to avoid simulation artefacts, was carried out by our collaborators in the group 
of Dr Nicholas Hine; their results are compared with the atomic and electronic structure 
of Mo1-xWxS2 that were determined experimentally. The predictions obtained are 
consistent with the ARPES results, validating both the experimental measurements and 
theoretical predictions.  
 
Figure 4.1. Atomic structure of Mo1-xWxS2 monolayer. (a) Top view of Mo1-xWxS2 monolayer. 
Purple, dark grey and yellow atoms present molybdenum, tungsten and sulphur, respectively. 
The area with a yellow background is the selected simulation area used in red box in Figure 
4.8c. (b) Side view of Mo1-xWxS2 monolayer. 
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Furthermore, although the predictions indicate that the SOC at the CBM should be 
less than the spatial fluctuations in potential energy due to disorder in the alloys at 
intermediate compositions, polarisation resolved PL measurements on a Mo0.5W0.5S2 
monolayer flake demonstrate that the spin-valley locking is retained across the alloy 
range.   
4.2 Sample fabrication  
4.2.1 Material synthesis  
The crystals were grown via CVT as described in Chapter 3. The photographs in 
Figure 4.2 show a series of Mo1-xWxS2 bulk crystals with compositions from x = 0 to 1. 
The sizes of these crystals vary with their composition due to the different growth 
conditions used (e.g. flux of transport agent, growth temperature, time etc.). Bulk crystals 
with optimised conditions, like Mo0.51W0.49S2, can be up to 2 cm across, while if the 
conditions were less favourable, such as for WS2, the crystals are smaller than 0.5 mm 
across.  
4.2.2 TEM sample preparation  
To prepare samples for transmission electron microscopy (TEM), Mo1-xWxS2 single 
crystals were first exfoliated onto CVD grown graphene on copper foil to form a 
heterostructure (see schematic in Figure 4.3a). Mo1-xWxS2 monolayers can be easily 
identified via their optical contrast, as indicated in Figure 4.3a. PPC supported graphene, 
again grown by CVD, was wet transferred onto these structures, as described in Chapter 
3. After etching the copper foil away, the heterostructures (PPC layer/graphene/Mo1-
 
Figure 4.2. Photos of as-grown Mo1-xWxS2 bulk crystals. The composition x = 0, 0.18, 0.37, 
0.49, 0.69, 0.71, 0.86 and 1, respectively. 
Chapter 4: Atomic and Electronic Structure of Random Distributed Alloys 
85 
xWxS2 flake/graphene) were left floating on fresh DI water. Silicon nitride TEM grids 
(from Silson Ltd.) were used to scoop the heterostructures from the water surface. An 
example of a Mo0.78W0.22S2 flake encapsulated by graphene and transferred onto a silicon 
nitride TEM grid is shown in Figure 4.3b. The flake appears with a bluish colour in the 
optical image. After drying the specimen under a lamp, the PPC film was washed away 
using fresh chloroform and then acetone.  The silicon nitride TEM grid containing the 
heterostructure stack was annealed at 300 °C under H2/Ar gas for three hours to finish 
the removal of the polymer supporting layer.  
 
Figure 4.3. TEM sample of graphene encapsulated Mo0.78W0.22S2 flake. (a) Optical image of 
Mo0.78W0.22S2 monolayer flakes exfoliated onto graphene on copper foil. (b) Optical image of 
flakes encapsulated by graphene after transfer onto a SiN TEM grid. (c) Low magnification 
TEM image of the same area as the optical image in (b). Inserted below in (a), (b) and (c) are 
schematic side views of the heterostructure (graphene/monolayer flake/graphene). (d) 
Diffraction pattern from the selected area indicated by the white circle in Figure 4.3(c). The 
two unlabelled black arrows point to two diffraction spots from the two different graphene 
layers. 
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The same monolayer flake was tracked through all the transfer process and re-found 
in TEM afterwards, as can be observed in the low magnification TEM image in Figure 
4.3c. SAED patterns were recorded to verify the flake crystal structure. Thus, for 
example, the diffraction pattern in Figure 4.3d corresponds to the area enclosed in the 
white circle in Figure 4.3c. There are spots in the diffraction pattern corresponding to the 
TMD flake, as well as to each graphene layer between which the TMD was sandwiched. 
In the example in Figure 4.3c, the two graphene layers are rotated by a 12.9° twist angle 
relative to each. 
4.3 Characterisation of Mo1-xWxS2 crystals   
Prior to specimen preparation for TEM, ARPES and polarisation resolved PL, the as-
grown alloys crystals, taken directly from the broken ampoules, were analysed to 
determine their crystal structure and stoichiometry. As described below, optical 
spectroscopy measurements of these alloys were found to be consistent with the prior 
literature, confirming that the crystal quality is good and that they are representative of 
CVT grown alloy crystals. 
4.3.1 Calibration of Mo1-xWxS2 bulk crystals  
MoS2 and WS2 have similar unit cells, belong to the same space group, with only a 
0.3% difference in their lattice constant. Therefore, the crystal structure of the alloys is 
expected to be similar to the pure materials, with intermediate lattice constants. To 
investigate the crystal structures, XRD was applied to the bulk crystals of the different 
alloys.   
Although during synthesis each element was added to the quartz ampoule 
stoichiometrically, the final composition of the crystals was found to vary from their 
nominal values. Since this research is focused on composition-dependent atomic and 
electronic structures, it was important to calibrate accurately the actual stoichiometry of 
the alloys. To do this, several complementary techniques were used to qualitatively e.g. 
Raman shifts, and quantitatively, e.g. X-ray photoelectron spectroscopy (XPS) and 
scanning electron microscopy energy dispersive X-ray spectroscopy (SEM-EDX), 
determine the stoichiometric proportion of W to (Mo + W).  
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4.3.1.1 Crystal structure 
To determine the crystal structure, the as-grown crystals were crushed and analysed 
by powder XRD. As illustrated in Figure 4.4a, the diffraction patterns from all 
compositions show strong [00l] diffraction lines, indicating that both the pure WS2 and 
alloy crystals possess layered hexagonal crystal structure. Compared to the [00l] 
reflections, the other diffraction lines are very weak, indicating that the crystal surfaces 
naturally lie in the crystallographic ab-plane. To identify the polytypes from the data in 
Figure 4.4a, the weaker peaks are shown with a magnified scale in figure 4.4b and 
compared to the experimental position and intensity of diffraction lines for the standard 
polytypes, 2H-WS2, 3R-WS2, 2H-MoS2 and 3R-MoS2108,109,125,126. 
For the pure WS2, the peaks indicated with the pink triangle symbol in the red plot in 
Figure 4.4b are compared to standard patterns for the 2H- and 3R-WS2 phases. The peak 
positions are consistent with the 2H and not the 3R polytype, confirming that the bulk 
crystals grow exclusively as the 2H polytype. The prominent lines in the red plot are 
indexed with their (hkl) values; from these, the lattice parameters were calculated to be 
a = b = (3.161 ± 0.002) Å and c = (12.357 ± 0.005) Å. These values are consistent with 
the known standard values of pure WS2 a = b = (3.155 ± 0.005) Å and c = (12.350 ± 
0.013) Å109. 
The same type of analysis was carried out for each set of alloy crystals. The crystal 
structure of the W rich alloys were close to that of pure 2H-WS2; for example XRD data 
from Mo0.29W0.71S2 is shown in Figure 4.4, giving calculated lattice constants of a = b = 
(3.162 ± 0.005) Å and c = (12.319 ± 0.008) Å as recorded in Table 4.1. The lattice 
parameters of Mo rich alloys were closer to the known values of 2H-MoS2 (3.160 ± 
0.010) Å and (12.294 ± 0.008) Å126.  For Mo0.63W0.37S2 the lattice parameters are a = b 
= (3.155 ± 0.005) Å and c = (12.303 ± 0.009) Å. The most obvious change with 
composition is that the layer spacing, reflected by c, increases with increasing W content 
(i.e. x), giving a quick check for the stoichiometry of the bulk crystals. 
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The XRD patterns showed that all the alloys have grown with the 2H polytype 
structure, and the sharp diffraction peaks suggest that the crystal quality of the alloys is 
comparable to that of the pure WS2 crystals. However, it is difficult to identify whether 
they are single crystals or polycrystalline from the powder diffraction patterns.  
 
Figure 4.4. XRD patterns of as-grown Mo1-xWxS2 single crystals compared with predicted 
XRD patterns from most common polytypes. (a) X-ray powder diffraction patterns of crushed 
Mo1-xWxS2 bulk crystals (x=0.37, 0.71 and 1). (b) (upper) Magnified view of the weaker peaks 
in Figure a (lower) predicted powder diffraction patterns for the most common 
polytypes108,109,125,126. The symbols with different colours and shapes mark the peaks matched 





Table 4.1. Lattice parameters of CVT-grown Mo1-xWxS2 crystals calculated from XRD patterns. 
Sample a b c 
Reported value WS2109 (3.155 ± 0.005) Å (3.155 ± 0.005) Å (12.350 ± 0.013) Å 
Sample WS2 (3.161 ± 0.002) Å (3.161 ± 0.002) Å (12.357 ± 0.005) Å 
Sample Mo0.29W0.71S2 (3.162 ± 0.005) Å (3.162 ± 0.005) Å (12.319 ± 0.008) Å 
Sample Mo0.63W0.37S2 (3.155 ± 0.005) Å (3.155 ± 0.005) Å (12.303 ± 0.009) Å 
Reported value MoS2126 (3.160 ± 0.010) Å (3.160 ± 0.010) Å (12.294 ± 0.008) Å 
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For example, as shown in Figure 4.3, TEM SAED patterns were acquired from 
exfoliated flakes. A series of SAED patterns were taken across this exfoliated flake that 
is around 10 µm, the spots corresponding to Mo0.78W0.22S2 stayed in the same orientation, 
while the graphene diffraction patterns rotated across the sample. Therefore, the CVD-
grown graphene is polycrystalline, but this alloy flake is a single crystal. Then this 
method has been applied to the TEM samples with compositions x = 0.22, 0.41, 0.51 and 
0.63, confirming these alloys are also single crystals.     
4.3.1.2 Compositional analysis  
a. Raman shifts  
For bulk crystals, the Raman active modes are composition-dependent127,128, therefore 
confocal Raman spectroscopy can be applied to probe the change in phonon modes with 
alloy compositions. 
 
Figure 4.5. Raman spectra of 2H-Mo1-xWxS2 single crystals. (a) Raman spectra from 2H-Mo1-
xWxS2 single crystals (at 532 nm excitation). (b) The variation of A1g and E2g1  modes as a 
function of W content x.   
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Bulk MX2 (M = Mo and W) possess D6h point group symmetry; they have 12 modes 
of lattice vibrations at the Γ point in the BZ and four of them are first-order Raman-
active, 𝐴𝐴1g, E1g, E2g1  and E2g2 79. In back-scattering experiments on the surface 
perpendicular to the c-axis, A1g, E2g1  and E2g2  are allowed79. Since E2g2  is in a low Raman 
shift range (between 32 and 27 cm-1)128, it is simpler to measure A1g and E2g1  to probe 
the stoichiometry, as shown in Figure 4.5. 
Figure 4.5a shows Raman spectra from Mo1-xWxS2 bulk crystals, in the range 300 to 
450 cm-1. In the pure materials, MoS2 and WS2, two main vibration modes are observed, 
the A1g and E2g1 . These modes correspond to out-of-plane and in-plane directions, 
respectively79. In contrast, three modes appear for ternary phases: one A1g mode and two 
E2g1  (WS2- and MoS2-related) modes. For the A1g mode, since it is related to sulphur 
atom vibrations perpendicular to the plane of the layers, the mixed alloy crystals only 
show one mode128. In contrast, the E2g1  modes can be attributed to metal and sulphur 
atoms vibrating in the ab-plane, therefore two modes are observed for alloys containing 
both metals127,128. 
Figure 4.5b summarises the evolution of the three composition-dependent Raman 
active modes as a function of W content from x = 0 to 1. As the W content increases, A1g 
modes shift to higher wavenumber, from 408 cm-1 for MoS2 to 420 cm-1 for WS2. By 
contrast, MoS2-like E2g1  modes shift to lower value and disappear in pure WS2, while 
WS2-like E2g1  modes appear from a small amount of W doping and upshift by a small 
value. These tendencies are in an agreement with the literature and again give a simple 
qualitative approach to quantifying the Mo and W compositions in random distributed 
solid solutions79,127,128.  
b. SEM-EDX and XPS  
SEM-EDX was used to quantify the stoichiometry of the different alloys. However, 
since the Kα lines of S atoms overlap with the Lα lines of Mo atoms, it is difficult to 
deconvolute the two peaks precisely. Therefore, XPS was introduced as a 
complementary technique to compare and corroborate the SEM-EDX data. The 
composition for the different alloys obtained by SEM-EDX are summarised in Table 4.2, 
while XPS spectra from alloys and pure binary crystals are compared in Figure 4.6. As 
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XPS is surface sensitive and EDX is more bulk sensitive, the combination of both 
techniques gives a more robust compositional analysis. 
For pure 2H-MoS2 crystals, the Mo 3d3/2 and Mo 3d5/2 core levels are located at 232.0 
eV and 228.9 eV, respectively, while for 2H-WS2 crystals the W 4f5/2 and W 4f7/2 peaks 
are at 34.5 eV and 32.3 eV, respectively. These are in an agreement with the literature 
values129,130. Furthermore, there are additional doublet features at higher binding 
energies in the crystals that are associated with their higher oxidation states (Mo6+ and 
W6+ corresponding to Mo-O and W-O, respectively)130. 
 
Figure 4.6. X-ray photoelectron spectroscopy on Mo1-xWxS2 single crystals (x=0, 0.19, 0.69 
and 1). Mo 3d and W 4f spectra with Gaussian-Lorentzian fitting of each peak. 
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Compared to the pure materials, in the pristine 2H-Mo0.31W0.69S2, the Mo 3d5/2,3/2 
peaks and oxidised states shift to lower binding energies, while shifts of the W 4f7/2,5/2 
peaks of these states are very small. For the Mo rich end, both the Mo 3d5/2,3/2 and W 
4f7/2,5/2 peaks shift to lower binding energy, compared to the W rich and pure W 
materials. These shifts in binding energies for the alloys are also in an agreement with 
prior work129. The stoichiometric ratio of W to (Mo + W) can be calculated by integrating 
the intensities of the Mo and W fitting peaks, applying standard sensitivity-factor 
corrections. The derived results are shown in Table 4.2 and compared to the SEM-EDX 
values.  
In summary, it is clearly shown in Table 4.2 that the stoichiometric values from 
different characterisation techniques are in good agreement within their error bars, 
indicating our composition analysis is accurate and reliable. But the compositions differ 
from the nominal values (i.e. the amount of material added to the ampoules), showing 
the importance of measuring the composition to determine the actual stoichiometry of 
the bulk crystals.     
4.3.2 Optical properties of Mo1-xWxS2 monolayer flakes 
The 2H single crystals were exfoliated onto SiO2 wafer as described in chapter 3, and 
room temperature PL measurements were acquired.  
Figure 4.7a shows PL spectra for all the compositions from MoS2 to WS2. The 
dependence of the photoemission peak energy on composition is shown in Figure 4.7b. 
The A exciton emission peak shifts continuously and nonlinearly from 1.855 eV at x = 0 
to 1.981 eV at x = 1. The PL peak energy (EPL) as a function of x is well described by 
the equation: 
 EPL(𝑥𝑥) = (1 − 𝑥𝑥)EPL
MoS2 + 𝑥𝑥EPL
WS2 − b𝑥𝑥(1 − 𝑥𝑥) , 4. 1 




Table 4.2. Comparison between compositions determined by EDX and XPS from Mo1-xWxS2 single crystals. 
Mo1-xWxS2 crystals Nominal W content x EDX Error bar XPS Error bar 
MoS2 0 0 0.02 0 0.02 
Mo0.82W0.18S2 0.13 0.18 0.02 0.16 0.02 
Mo0.63W0.37S2 0.38 0.37 0.02 0.37 0.02 
Mo0.51W0.49S2 0.50 0.50 0.02 0.49 0.02 
Mo0.31W0.69S2 0.63 0.69 0.02 0.69 0.02 
Mo0.28W0.72S2 0.75 0.71 0.02 0.74 0.02 
Mo0.14W0.86S2 0.86 0.86 0.02 0.86 0.02 
WS2 1.00 1.00 0.02 1.00 0.02 
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The bowing parameter here is b = (0.17 ± 0.01) eV. This observed bowing is consistent 
with prior reports and is indicative of nonlinear changes in the band gap and/or exciton 
binding energies56. To further study the composition-dependence of the Mo1-xWxS2 
electronic structure, the dependence of the A exciton peak emission on composition will 
be compared to DFT calculations of the band gap later in section 4.5.2. From the optical 
spectroscopy data presented here, it is clear that the electronic structures of Mo1-xWxS2 
alloys can be tuned by varying the stoichiometry, however, due to the high exciton 
binding energy it is not possible to directly determine the electronic structure changes 
from the optical spectroscopy data.  
4.4 Atomic structure  
TEM is one of only a few direct methods in materials science capable of visualising 
the atomic structure of materials. Here, the ADF-STEM imaging technique was used to 
determine the atom coordinates in single-layer thick alloy flakes. Based on Z-contrast, 
Mo and W atoms are separately identified in these images. The aim was to determine 
whether the atomic distribution is ordered or random in the different Mo1-xWxS2 alloys.  
 
Figure 4.7. PL emission spectra from Mo1-xWxS2 monolayers. (a) PL spectra of Mo1-xWxS2 
monolayers with 532 nm excitation. (b) Evolution of PL emission peaks with increasing W 
composition x (0 to 1). 
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4.4.1 ADF-STEM images  
A doubly corrected electron microscope with Schottky emitter (JEOL ARM200F) was 
operated at 80 kV in STEM mode to visualise the atomic structure of these Mo1-xWxS2 
alloys. A series of compositions (x = 0.22, 0.50 and 0.63) were imaged (Figure 4.8a to 
4.8c respectively). As described in section 4.2, the flakes were exfoliated from bulk 
crystals, with the compositions of the bulk crystals previously confirmed via SEM-EDX 
and XPS, as discussed in section 4.3. Since the ADF images are sensitive to atomic 
number the brighter spots correspond to the heavier element, W (Z = 74) and the darker 
spots to the lighter element Mo (Z = 42) in the transition metal sublattice. 
Two approaches, based Bloch wave propagation and the multi-slice principle, are used 
for simulations of high resolution CTEM and STEM images84. However, Bloch wave 
calculations require greater processing power, hence have more computing costs and are 
 
Figure 4.8. ADF-STEM images of Mo1-xWxS2 single layers. (a-c) ADF-STEM images of Mo1-
xWxS2 single layers (x=0.22, 0.41 and 0.63). (d-e) At left magnified image of selected area as 
indicated in figure c (red box), at right simulated ADF image, respectively. (f) Intensity 
profiles along the red and blue line in experimental and simulated ADF images, respectively. 
The simulation was performed with clTEM (an OpenCL GPU-accelerated multi-slice 
program)56 to compare with the experimental image, confirming the bright spots corresponds 
to W while dark ones to Mo. 
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less flexible compared to multi-slice programs84. Therefore, to confirm this identification 
based on the difference in contrast alone, quantitative simulation of the ADF images was 
performed using a multi-slice calculation with the clTEM software131.  
The atomic structure model used for the ADF image simulation is indicated by the 
light-yellow background in Figure 4.1a and the magnified image in Figure 4.9. The 
experimental ADF image, cropped from the red box in Figure 4.8c, is directly compared 
with the simulated image in Figures 4.8d and 4.8e, respectively. A close agreement 
between the experimental ADF profile (along the red line in Figure 4.8d) and the 
simulated data (blue line) is found (Figure 4.8f), confirming that the W and Mo atoms 
can be identified by their contrast alone, with the brighter dots corresponding to W and 
the darker to Mo. 
Note that under these imaging conditions, the weaker intensity of the S chalcogen 
atoms is barely discernible in the experimental images. Nevertheless, the presence of S 
as well as Mo and W is confirmed from SEM-EDX results. Furthermore, from the XPS 
fitting the chemical environment of each element can be estimated giving, stoichiometric 
ratios of S to the sum of Mo and W are close to 2 in the bulk crystals. The ADF results 
are consistent with this XPS fitting, the W and Mo atoms share the metal sites, while the 
sulphur atoms are paired in the triangular lattice as expected. 
4.4.2 Short-range order (SRO) analysis  
Although by eye some of the images appear to show some ordering, determining 
whether this is significant requires detailed statistical analysis. To do this, the atom 
positions were determined by fitting and the intensity of metal atoms were clearly 
separated. Therefore, the Mo and W atoms were clearly identified as shown in Figure 
4.10a and 4.10b. In this way, more than 100,000 atoms were analysed for several 
compositions. We concentrate here on the composition Mo0.78W0.22S2, but the 
conclusions drawn from this analysis were equally valid in the other compositions 
studied.  
Once the atom positions were determined, these were analysed to investigate the local 
ordering. Although previous studies have looked only at the nearest neighbour 
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distributions56,60, ordering can extend beyond the nearest neighbour. Instead, following 
the approach developed by Warren and Cowley for the study of Cu3Au132,133, short-range 
order parameters were calculated as defined by: 
 𝑃𝑃𝑊𝑊−𝑊𝑊 ,𝑎𝑎 =  𝑚𝑚𝑊𝑊 + 𝑚𝑚𝑀𝑀𝑆𝑆𝛼𝛼𝑎𝑎  , 4. 2 
where 𝑃𝑃𝑊𝑊−𝑊𝑊 ,𝑎𝑎 is the probability that a W atom is found in the ith coordination shell from 
another W atom (see Figure 4.9), 𝑚𝑚𝑊𝑊 and 𝑚𝑚𝑀𝑀𝑆𝑆 are the concentration of W and Mo in 
the binary alloy, respectively, and 𝛼𝛼𝑎𝑎 is the corresponding Warren-Cowley SRO 
parameter.  
Rearranging equation (4.1), the SRO parameter can be calculated as follows:  
𝛼𝛼𝑎𝑎 =  
𝑃𝑃𝑊𝑊−𝑊𝑊 ,𝑎𝑎 −  𝑚𝑚𝑊𝑊
𝑚𝑚𝑀𝑀𝑆𝑆
 . 
𝑃𝑃𝑊𝑊−𝑊𝑊 ,𝑎𝑎 was determined from the atom positions measured from the ADF-STEM 
images123; 
 𝑃𝑃𝑊𝑊−𝑊𝑊 ,𝑎𝑎 =




  , 4. 3 
where 𝑁𝑁𝑊𝑊−𝑗𝑗𝑊𝑊 are the number of W atoms surrounded by j W atoms (j = 0 to 6), and N is 
the total number of the transition metal atoms (Mo + W). 
 
Figure 4.9. Define the nearest neighbours around a metal atom. Magnified image of the area 
in Figure 4.1 to explain how the 1st to 8th nearest neighbours/coordinate shells are counted. 
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Figure 4.10c and 4.10d show examples of the calculation of 𝑃𝑃𝑊𝑊−𝑊𝑊 ,𝑎𝑎 for 1st and 2nd 
nearest neighbours, and the red numbers in the images are jW atoms around one W at 1st 
and 2nd nearest neighbours, respectively.  
From the definition of the SRO parameters, when 𝛼𝛼𝑎𝑎 ∈  (0, 1) there is a tendency to 
form homo-atom ordering, while 𝛼𝛼𝑎𝑎 ∈  (−1, 0) corresponds to a greater fraction of 
heteroatoms. When 𝛼𝛼𝑎𝑎 is equal to or close to 0, the alloys are randomly distributed.  
Taking Figure 4.10c and 4.10d as an example, Table 4.3 shows the analysis of the 1st 
and 2nd nearest neighbour distribution. 
 
Figure 4.10. Schematic images show how to count the nearest neighbours. (a) ADF-STEM 
image of Mo0.78W0.22S2 monolayer (part area of Figure 4.8a). (b) Image after deconvolution to 
assign W from Mo. (c - d) Schematic images to show how to count number of 1st and 2nd 
nearest W-W pairs, respectively. 
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From that analysis, 𝑃𝑃𝑊𝑊−𝑊𝑊 ,1 = 0.26 and 𝛼𝛼1 = 0.05. 𝛼𝛼1  is close to 0, suggesting no 
segregation in the 1st shell. The same process was applied to calculate the other 
coordination shells, e.g. 𝑃𝑃𝑊𝑊−𝑊𝑊 ,2 = 0.24 and 𝛼𝛼2 = 0.03, etc., these are shown later in 
Figure 4.12, along with a comparison to the results of theoretical models. To gain 
statistical significance, typically an area from the ADF-STEM images of order 120×120 
metal atoms was analysed. 
Table 4.3. Count of the 1st and 2nd nearest neighbour of a W atom surrounded by jW 
atoms. 
W atoms surrounded 
by jW 
Number of W atoms surrounded by jW 
1st nearest neighbour  
(i = 1) 
2nd nearest neighbour  
(i = 2) 
𝑁𝑁𝑊𝑊−𝑊𝑊 41 29 
𝑁𝑁𝑊𝑊−2𝑊𝑊 15 30 
𝑁𝑁𝑊𝑊−3𝑊𝑊 10 10 
𝑁𝑁𝑊𝑊−4𝑊𝑊 6 1 
𝑁𝑁𝑊𝑊−5𝑊𝑊 0 0 
𝑁𝑁𝑊𝑊−6𝑊𝑊 1 0 
 
4.4.3 Monte Carlo Simulations 
To gain insight into the significance of any ordering, or lack thereof, the group of Dr 
Nicholas Hine conducted Monte Carlo simulations. They constructed models consisting 
of 120×120 atoms in a single layer, with a random distribution of the W atoms in the Mo 
matrix (78% Mo matrix and 22% W atoms). Then, the growth process was simulated via 
Monte Carlo sampling of proposed site swaps to achieve an equilibrium of the system at 
a growth temperature of 800 K. The total energy of a given disordered configuration can 
be described as134 
 𝐻𝐻(𝜎𝜎) =  −  ∑ 𝐽𝐽𝑎𝑎,𝑗𝑗𝜎𝜎𝑎𝑎𝜎𝜎𝑗𝑗(𝑎𝑎,𝑗𝑗)  , 4. 4 
in which 𝐽𝐽𝑎𝑎,𝑗𝑗 is the pairwise interaction energy, and 𝜎𝜎𝑎𝑎 and 𝜎𝜎𝑗𝑗 are the energy of the 
configurations. 
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DFT calculations were used to estimate a realistic value for 𝐽𝐽𝑎𝑎,𝑗𝑗 for the Mo1-xWxS2 
alloys. The formation energy can be calculated as135   
 EF =  ET −  ET
pure + ∑ 𝑚𝑚µ𝑎𝑎i  ,  4. 5 
where ET is the total energy of a supercell, ET
pure is the total energy of pure materials, µ𝑎𝑎 
is the chemical potential of dopants and m is the number of substituted cations.  
The binding energy for an atomic configuration with m dopants, as shown in Figure 
4.11a, can be calculated as135: 
 Eb =  EF(𝑚𝑚W) −  𝑚𝑚EF(1W)  4. 6 
                                     = ET(𝑚𝑚W) −  𝑚𝑚ET(1W) − (𝑚𝑚− 1)ET
pure . 
Where ET(𝑚𝑚W) is the total energy of a supercell with m substituted atoms in a desired 
configuration.  
 
Figure 4.11. Atomic configuration selected for DFT calculations. (a) Different atomic 
configurations calculated/tested in DFT. (b) Comparison of DFT calculated and predicted 
binding energy using the average value.  
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Then the interaction energy for a pairwise interaction, 𝐽𝐽, can be estimated from the 
binding energy for a single W-W bond.  
As shown in Figure 4.11b, various possible configurations of W atoms are reasonably 
well approximated by a 7.6 meV pairwise interaction. Note that this positive energy 
corresponds to an effective repulsion and so we expect clusters to be energetically 
unfavourable.  
The Monte Carlo simulations allow the relationship between atomic interactions and 
atomic ordering to be probed. Figure 4.12 compares the Monte Carlo simulation images 
with varying interaction energies, 𝐽𝐽 = -50, 7.6 and 50 meV, respectively, to the 
experimental ADF-STEM image. For the negative value of 𝐽𝐽, corresponding to an 
attraction, the Monte Carlo image in Figure 4.12a indicates the formation of W clusters 
while for the positive values, isolated individual W atoms are energetically favourable. 
 
Figure 4.12.  Comparison of SRO parameters of the Monte Carlo simulation and real ADF-
STEM image. (a-c) Monte Carlo Simulations with binding energy J = -50, 7.6 and 50 meV, 
respectively. (d) ADF-STEM image of monolayer Mo0.78W0.22S2. (e) Comparison of the 
Warren-Cowley SRO parameters calculated from the Monte Carlo simulations and from the 
experimental ADF-STEM image. 
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However, the atomic distribution of Monte Carlo image with interaction energy 7.6 meV 
in Figure 4.12b is visually similar to the experimental ADF-STEM image in Figure 
4.12d.  
To quantitatively analyse and compare the Monte Carlo simulations with the 
experimental ADF-STEM images, the SRO parameters from the 1st to 8th coordination 
shell were calculated and are shown in Figure 4.12e. For 𝐽𝐽 = - 50 meV, the SRO 
parameters for the first few coordination shells 𝛼𝛼1, 𝛼𝛼2 and 𝛼𝛼3 fall between (0, 1) 
confirming the alloys tend to form segregations (homo-atom configurations) as expected 
from the visual observation. In contrast, the SRO parameter of the 1st coordination shell 
for 𝐽𝐽 = 50 meV is between (-1, 0) showing heteroatom distribution. The order parameters 
𝛼𝛼𝑎𝑎 for 𝐽𝐽 = 7.6 meV, 𝐽𝐽 = 0, and from analysis of the experimental images are all close to 
0. This indicates that the W atoms are randomly distributed. The observed atomic 
configuration is thus indistinguishable from a random distribution and consistent with 
that expected for a system at thermal equilibrium.  
The above analysis was carried out for the composition, x = 0.22. Similar processing 
was applied to all the alloy compositions and similar results were found. This analysis 
concludes that the W atoms are distributed randomly over the whole series of 
composition and the crystals are representative of thermodynamic equilibrium for this 
system under the chosen growth conditions.  
4.5 Electronic structure  
4.5.1 Valence band  
To correlate the atomic and electronic structure, the VB structure was measured by 
ARPES. Data were acquired at the Spectromicroscopy beamline of the Elettra 
synchrotron (Italy) as described in Chapter 2. Since the measurements are surface 
sensitive, the as-grown bulk crystals were mounted flat onto a sample plate and cleaved 
in the ultrahigh vacuum (UHV) chamber immediately prior to analysis, to generate the 
clean surface required. Cleaving naturally results in exposure of the (002) planes to the 
beam, so that ARPES probes the electronic structure within the 2D layer direction.  
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Figure 4.13 shows an experimental energy-momentum slice of the valence bulk band 
dispersion along the 𝚪𝚪� – 𝐊𝐊�  direction for three alloy compositions: Mo0.63W0.37S2, 
Mo0.5W0.5S2 and Mo0.29W0.71S2. The slight broadening and intensity change of the bulk 
bands in Figure 4.13 can be attributed the kz broadening effect136. Different from the case 
for monolayer, the final state of the excited photoelectron is intrinsically damped towards 
interior of the solid caused by the inelastic absorption and elastic reflection from the 
crystal potential in bulk crystals136. This confinement in the surface perpendicular 
coordinate is equivalent, by the uncertainty principle, to certain intrinsic broadening in 
kz direction136. Then the state dispersion in the kz direction will lead to an energy 
broadening of the bulk band136.  
As discussed in Chapter 2, it has been explained how the band parameters such as the 
SOC and bandwidth can be determined in the experimental ARPES, meanwhile the 
schematic in Figure 4.14 illustrates how band parameters can be determined from these 
dispersions. The effective mass was calculated by fitting a parabola to the dispersion near 
the corresponding band edge. 
The qualitative trends are apparent by visual inspection of the ARPES spectra: as the 
W content increases, the splitting between the upper valence bands near K (VB SOC) 
become larger; the band width increases and effective mass decreases.    
To quantitatively evaluate the evolution of the band structure with composition, 
measurements were performed on all the compositions (x = 0.22, 0.37, 0.49, 0.71, 0.87 
 
Figure 4.13. ARPES energy-momentum slices from bulk crystals of (from left to right) 
Mo0.63W0.37S2, Mo0.5W0.5S2 and Mo0.29W0.71S2. The data are reflected around 𝚪𝚪�  for clarity. 
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and 1) and band parameters extracted quantitatively and directly by fitting the ARPES 
spectra. The derived parameters are between those previously measured for the pure 
materials MoS2 and WS2137,138. The data are presented in Figure 4.15, and compare to 
first principles calculations below.  
4.5.2 Comparison of experimental data, DFT and VCA calculations 
DFT calculations for a series of Mo1-xWxS2 monolayer flakes were performed by the 
group of Dr Nicholas Hine.  
Lattice constants of the pure materials MoS2 and WS2, were optimizing using the 
plane-wave DFT package CASTEP139 with the generalized gradient approximation 
(GGA) of Perdew, Burke and Ernzerhof (PBE)140 and a cut-off energy of 425 eV. The 
lattice constant of MoS2 was found to be similar to that of WS2 with less than 0.3% 
difference: this difference was neglected and a lattice constant of 3.18 Å was used for all 
subsequent simulations of Mo1-xWxS2. 
For the alloy calculations, the linear-scaling DFT package ONETEP141 was employed. 
This uses a representation of the single-particle density matrix in terms of a minimal 
number of support functions, denoted non-orthogonal generalized Wannier functions 
(NGWFs). Here, a cut-off energy of 1200 eV and a cut-off radius of 10a0 were used 
(where a0 is the lattice constant). The PBE functional was employed with projector-
augmented wave (PAW)142,143 potentials from the JTH library144. 
The electronic structure calculations were performed on an 8x8x1 supercell model 
constructed with random configurations of various dopant concentrations. Geometry 
optimization was performed for each structure, to a force tolerance of 0.1 eV/Å. Due to 
the large supercell, the band structure derived from these simulations above is heavily 
folded. Therefore, for direct comparison to the ARPES spectra, the effective band 
structure in a primitive cell was calculated. To do this, a spectral function unfolding 
method was used56,145, the adaption of which to the NGWF representation is described in 
Ref. 146.  
For comparison, electronic structure calculations were also made within the virtual 
crystal approximation (VCA)147,148, where fractional atom compositions are considered 
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within the primitive cell of pure materials. PAW datasets representing the W and Mo 
potentials mixed in the appropriate ratio were constructed using the ‘virtual’ tool within 
the Quantum Espresso package149,150.  
Figure 4.14a shows a spectral function calculation for monolayer Mo0.5W0.5S2. The 
dispersion is similar for the pure materials, with the upper VB being spin degenerate at 
a local maximum at 𝚪𝚪 and dispersing to the spin-split and spin polarised VBM at K, as 
discussed in Chapter 1. The spin splitting at the CBM, also at K, is more complicated. 
As shown schematically in Figure 4.14b, the order of spin polarisation of the bands 
changes from MoS2 to WS2, effecting their optical properties such that the lowest energy 
exciton is dark for WS2 and bright for MoS2124.  
Figure 4.15 compares the band structure parameters measured from the experimental 
data to those calculated by ONETEP and VCA simulations. Figure 4.15a compares the 
evolution with W content of the PL emission peak energies to the predicted band gaps. 
As illustrated in Figure 4.7b and 4.15a, the dependence of PL peak energy on 
composition is non-linear, with a bowing effect in the evolution of the A exciton emission 
peak energies. The band gap calculated by ONETEP is qualitatively similar in that with 
 
Figure 4.14. Schematic of the evolution of bands at K valley from MoS2 to WS2 monolayer 
flakes. (a) Spectral function calculation for Mo0.5W0.5S2 monolayers, the relevant 
measurements for some of the band parameters are overlaid. Schematic diagram of the band-
edge structure in the (b) K and (c) -K valley. 
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increasing x it first decreases and then increases, although the composition values for the 
PL minimum energy are different between the experimental and calculated one (x = 0.20 
vs x = 0.60). The magnitude of the band gaps from VCA is similar to ONETEP 
calculations, but the VCA band gaps decrease monotonically with increasing x. The 
differences between the PL emissions and the predicted band gaps can be explained from 
the following aspects. Firstly, the predicted band gaps refer to electronic band gaps 
derived from the energy difference between the VBM and the CBM. However, the 
optical spectroscopy measurements are from excitons with high binding energy. The 
difference between the ONETEP and PL data suggests a consistent decrease in exciton 
binding energy as the W content increases. Secondly, some of the difference can be 
attributed to the change in order of the conduction bands, as shown schematically in 
Figure 4.14b. The PL emission is from the A exciton emission (bright exciton) in the K 
valley. For x = 0, i.e. MoS2 this corresponds to the VBM and CBM states, but at x = 1, 
WS2, the order has changed and the bright A exciton emission comes from the second-
lowest lying CB, corresponding to the CB SOC greater in energy than CBM (for 
predicted values see Figure 4.15c). There, the difference can also be attributed to the spin 
polarisation and dispersion of SOC splits in their CB. Furthermore, compared to the 
experimentally determined electronic band gaps, the predicted values from DFT 
calculations are normally significantly underestimated22.  
ARPES provides a more direct and visual measurement of the VB dispersion, 
allowing easier comparison to calculated spectra than was possible by looking at A-B 
exciton emission. We use this here to directly study the changes in SOC with alloying. 
This direct measurement avoids controversies over the interpretation of the previously 
reported optical spectroscopy data (such as that the spin splitting in CB can be ignored 
and that the binding energies of A and B excitons are the same)124. Due to the weak kz 
dispersion of the upper most VB at K, the key features of the spectra in that region are 
similar for bulk and monolayer samples as has been reported experimentally97,105 and 
theoretically97. This was also confirmed by our measurements for these samples, the VB 
SOC splitting for monolayer WS2 was found to be (450 ± 30) meV151 while the value for 
bulk crystals is (458 ± 10) meV. Due to the difficulty of preparing monolayer TMD 
samples for ARPES, we concentrate instead on ARPES from cleaved crystals. 
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The VBM SOC splitting of the Mo1-xWxS2 single crystals measured by ARPES (blue 
data points) is compared to those calculated by ONETEP (black) and VCA (red) 
simulations in Figure 4.15b. Literature values for MoS2 crystals, taken from Ref. 137 and 
138, and WS2138 are also shown. For the WS2, our measured value of (458 ± 10) meV is 
consistent with the literature within the error bar, indicating our values are reasonable. 
For our experimental results, it is clear that within the error bars the SOC splitting of the 
VB increase linearly as a function of the W content. For comparison, the VB splits 
calculated from ONETEP spectra from monolayer supercells with disordered atomic 
configurations are also shown in Figure 4.15b. The linear trend is in agreement with that 
of ARPES, however, the experimental values are consistently around 50 meV higher than 
that predicted by ONETEP. The SOC splitting of the VB calculated from the VCA 
simulation are also presented in Figure 4.15b. These are similar in magnitude to the 
experimental measurements but show a non-linear dependence on composition, with a 
 
Figure 4.15. Comparison of experimental data and ONETEP calculations. Comparison of band 
structure parameters determined from experimental data and DFT calculations, as a function 
of the composition x in Mo1-xWxS2: (a) the evolution of PL emission peak energy and band 
gaps with x; SOC at the valence band (VB) edge (b), and at the conduction band edge (c) at 
K; (d) band width; and (e) effective masses at the K point in the upmost VB. 
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slight bowing. We note that a ONETEP simulation was also made using the atom 
positions determined from the STEM image in Figure 4.10. The band parameters for this 
simulation are shown as the purple data point in the graphs in Figure 4.15 and are 
consistent with the other ONETEP simulations. The band width (as indicated by white 
arrow in Figure 4.14a), Figure 4.15d, follows similar trends to the spin-orbit splitting of 
the VB: the agreement between the experimental data and the ONETEP data is excellent, 
other than a systematic offset between the two; and the VCA data shows a bowing that 
is not present in either the ONETEP or experimental data.  
The ARPES spectra do not give information about the CB as they only probe the 
occupied states. However, the CB SOC can be extracted from the DFT spectral functions 
and this is plotted as a function of composition in Figure 4.15c. The magnitude is much 
lower than the VB SOC splitting. At small x, close to pure MoS2, the order of the 
conduction bands change, see Figure 4.14b. Hence the SOC splitting initially decreases 
to zero and then increases with x. Although the data are very similar for the pure 
materials, the change in CB order occurs at different compositions in ONETEP and VCA 
calculations. The close agreement between the ONETEP and experimental data for the 
other band parameters gives confidence in the ONETEP CB predictions as well. 
Figure 4.15e shows the comparison of the evolution of the VB effective mass 
calculated from ARPES spectra, the ONETEP and VCA calculations. It is difficult to 
accurately determine the effective mass from the ARPES spectra, the uncertainties are 
large and there are no clear trends. The DFT predictions are in fair agreement with the 
previous values of effective masses calculated by LDA152 with small systematic 
differences between the ONETEP and VCA that are less than 0.05me (me is the electron 
mass). Moreover, the simulated effective masses in VBM for MoS2 and WS2 monolayer 
are 0.54me and 0.39me from ONETEP, while 0.52me and 0.36me from VCA, respectively.  
These are fairly in agreement with the results from Ref. 124 that the effective masses in 
VBM is 0.54me and 0.35me for MoS2 and WS2, respectively, indicating the DFT and 
VCA calculations are reasonable. From the DFT calculations it is clear that the effective 
mass decreases monotonically with x, consistent with the increasing curvature of the 
bands as demonstrated by the increasing band widths. This decrease in effective mass is 
also consistent with the decrease in exciton binding energy inferred from the difference 
between the PL and band gap trends.  
Chapter 4: Atomic and Electronic Structure of Random Distributed Alloys 
110 
4.6 Spin-valley locking  
As explained in Chapter 1, inversion symmetry breaking leads to the valley-dependent 
optical selection rules for interband transitions at the K points for monolayer MX2. While 
in the valley band, because of the large valley contrasting spin splits, valley and spin can 
only be flipped simultaneously to conserve energy42,153. Therefore, inversion symmetry 
breaking together with strong spin-orbit splitting leads to the spin-valley locking effect 
in monolayer MX2. This theoretical prediction has been confirmed experimentally by 
circularly polarized PL measurements on monolayer MoS241. For these alloy samples, 
the spin-orbit splitting in the CB is reduced to less than the disorder potential across the 
alloy, suggesting the spin-valley locking could be lost.  
Optical spectroscopy measurements on an exfoliated heterostructure was performed 
to test whether spin-valley locking was retained. An optical image, and schematic, of the 
 
Figure 4.16. Polarization resolved PL spectra of a hBN encapsulated Mo0.5W0.5S2 monolayer 
sample. (a) Top, optical image of hBN encapsulated Mo0.5W0.5S2 monolayer flake. Bottom, 
schematic cross-section of the sample (Dark blue and pastel red atoms represent nitrogen and 
boron, respectively). (b) Polarization resolved PL spectra of the encapsulated sample taken at 
4 K. σ+ and σ- correspond to light with spin parallel and antiparallel to the direction of the 
incoming beam. V corresponds to vertical linear polarization i.e. has spin ((σ+ + σ-))/√2. The 
pairs of spectra with the same incident polarization have been scaled by the sum of their 
intensities at 646 nm to provide an indication of the fraction of the intensity in each 
polarization. No significant variation in the sum of the intensities was observed. Optical 
spectroscopy was performed by Professor David Smith’s group in Southampton, the sample 
was fabricated in Warwick. 
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sample is shown in Figure 4.16a. A monolayer flake of Mo0.5W0.5S2 was encapsulated in 
hBN, to improve the quality of the spectroscopy data. Professor David Smith’s group, at 
the University of Southampton, then performed low-temperature PL spectroscopy. The 
measurements were performed in backscattering geometry with a 625 nm laser and a 
sample in vacuum at 4 K. A quarter wave plate (Thorlabs AQWP05M-600) was placed 
before the objective lens so that in the rest of the optical system the input and output 
polarisations corresponded to vertical and horizontal linear polarisations, respectively. 
The output polarisation was determined using a linear polariser (Thorlabs LPVIS100) 
and a half wave plate (AHWP05M-600) used to ensure a constant input polarisation for 
the spectrometer. The spectrometer used was a Princeton Instruments TriVista 555 with 
a liquid nitrogen cooled CCD.  
Figure 4.16b shows the polarization-resolved PL spectra on the stack of 
hBN/Mo0.5W0.5S2/hBN. The PL spectra in Figure 4.16b show clear circular dichroism: 
that is, the σ+ light with spin parallel to the direction of the incoming beam corresponds 
to the interband transitions at the K valley as explained in Figure 4.14, while the σ- beam 
with opposite helicity couples to the transitions at the -K valley. The PL spectra are 
plotted with normalised intensity to give a direct comparison of the excitations with 
different polarisations. The degree of circular polarisation can be quantified via P = 
(I(σ+) - I(σ-))/(I(σ+) + I(σ-)), where I(σ±) is the intensity41. From Figure 4.16b, the 
polarisation degree is around P = 0.47 under σ+ excitation, while P = -0.47 under σ- 
excitation. Moreover, Figure 4.16b also shows that excitation with vertical linear 
polarisation (spin (σ + + σ−)/√2) has an equal amount of σ+ and σ- circular 
components, i.e. the PL for excitation with vertical linear polarisation shows the same 
intensity for the transitions at the K and -K valleys. The results are fully consistent with 
the predictions/expectations from the optical selection rule, showing that the spin-valley 
locking effect is retained for the monolayer alloys, even though the DFT calculations 
indicate that at intermediate compositions the SOC in the CBM is less than the disorder 
potential in the alloys. This suggests that locally, over the lengthscale of the exciton, the 
spin texture is retained and hence alloying for engineering the band gap and SOC is 
possible.  
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4.7 Conclusions  
In summary, we have visualised the atomic structure of Mo1-xWxS2 alloys with atomic 
resolution STEM images and quantitatively analysed their elemental distributions. By 
comparison with Monte Carlo simulations and first principles calculations, we find that 
the distributions are quantitatively similar to these expected by thermodynamic 
considerations – i.e., essentially random. Band structure measurements and calculations 
were undertaken for the same set of alloys, and compared to PL spectra. Band parameters 
were extracted and compared for both the theoretical and experimental results. The 
comparison showed that alloying can be used for band structure engineering, tuning the 
band gap, effective mass, SOC and even the order of the bands across the alloy 
compositions. A close match was found between the experimental results and the 
ONETEP calculations, which used large supercell sizes. This resolved an ambiguity from 
previous reports, showing that the VB SOC changes linearly with composition without 
bowing, and demonstrates the importance of careful simulations. Optical spectroscopy 
of an exfoliated monolayer heterostructure showed that spin-valley locking is retained 
even when the CB SOC is apparently less than the disorder potential. Combined, these 
results demonstrate the potential of alloying for spin-orbit engineering of 2D 
semiconductors for valleytronic and spintronic applications.
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Chapter 5: Atomic and Electronic 
Structure of Ordered Alloys  
5.1 Introduction  
As described in Chapter 4, it has been confirmed that alloying MX2 (M = Mo, W, Nb 
and Ta; while X = S and Se) can provide additional freedom to tune the band structure, 
giving flexible control over the bandgap and spin-orbit splitting39,56,106,154,155. In contrast 
with the random alloy systems that have been studied most so far, ordered alloying would 
present opportunities for a more refined band engineering39. Although recently a group 
has reported ordering in small grains of polycrystalline Mo1-xWxS2 mono-flakes 
synthesised via CVD60, ordering over large scale in these alloys has been rarely observed.  
This chapter will focus on Nb-containing alloys, synthesised via CVT, the same 
growth technique used for the random alloys Mo1-xWxS2 presented in Chapter 4. ADF-
STEM images of the Nb0.1W0.9S2 demonstrate the formation of an alloy ordered along 
certain crystallographic directions in monolayer crystal flakes, contradicting previous 
reports60. Linear scaling DFT calculations performed by our collaborators for the 
Nb0.1W0.9S2 system reveal that it is energetically favourable to form ordered uniformly 
 
Figure 5.1. Atomic structure of a Nb0.1W0.9S2 monolayer. (a) Top view of a Nb0.1W0.9S2 
monolayer. Brown, dark grey and yellow atoms represent niobium, tungsten and sulphur, 
respectively. (b) Side view of the Nb0.1W0.9S2 monolayer. 
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spaced lines of Nb atoms at the growing fronts of the flakes. Since the ordering occurs 
along distinct crystallographic directions, ARPRS was used to analyse the anisotropic 
optical properties of this material. To directly study the electronic structure, ARPES 
measurements were carried out on Nb-containing MX2 alloys. The presence/absence of 
optical band gaps in these Nb-containing alloys was investigated by PL. Further 
investigations into the local electronic structure were carried out using highly spatially 
resolved EELS in the low loss region. 
5.2 Synthesis of the single crystals and calibrations 
Nb0.1W0.9S2 and Nb0.17W0.83Se2 single crystals were synthesised via CVT. As 
described in Chapter 3, the synthesis process for both alloys was similar, with slight 
differences in the growth parameters (e.g. source temperature, growth temperature and 
transport agent, etc.)106,114. For Nb0.1W0.9S2 single crystals, the temperature of the source 
zone and growth zone were slowly heated to 1050°C and 950°C respectively with 70°C/h 
rate first, then these temperatures were maintained for 20 days. Iodine was used as the 
transport agent with a flux of 5 g/cm3. The source and growth temperatures of 
Nb0.17W0.83Se2 single crystals were set to 1000°C and 900°C114,156, respectively, with 
these temperatures again maintained for 20 days. The flux of iodine was 3 g/cm3 for this 
growth. 
The Nb0.1W0.9S2 and Nb0.17W0.83Se2 single crystals grown by PVT are small and thin. 
An optical image of a typical 0.6×0.4 mm Nb0.1W0.9S2 single crystal is presented in 
Figure 5.2. SEM-EDX analysis was used to quantify the stoichiometry of the alloys and 
calibrate their compositions. Figure 5.2 compares the Nb-containing WS2 alloy EDX 
spectrum with pure WS2 single crystals, with the atomic percentages listed in the table. 
The spectra comparison in Figure 5.2 shows the same S Kα line peak intensities whilst 
the W M line peak is slightly lower for Nb0.1W0.9S2 and WS2. An additional small peak 
around 2.16 eV is present in the Nb0.1W0.9S2 (see magnified area of the spectra in Figure 
5.2), that can be attributed to the Nb Lα line. Therefore, the as-grown crystals contain 
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around 10% Nb – this is consistent with the compositions determined from atomic 
resolution imaging below.  
5.3 Atomic structure  
ADF-STEM images were used to visualise the atomic structure of Nb0.1W0.9S2 and 
Nb0.17W0.83Se2 monolayers. Since this type of image is sensitive to the atomic number 
(Z), the Nb and W atoms are easily identified. ADF-STEM image analysis allows direct 
visualisation of the Nb/W atomic distribution in the alloys.  Once the atom positions are 
determined, a more detailed analysis of the ordering/randomness can be performed by 
statistical Warren-Cowley SRO analysis, to quantitatively determine the ordering 
parameter in the atomic structure of these alloys. 
 
Figure 5.2. SEM-EDX spectra on Nb0.1W0.9S2 (red) and WS2 (black) single crystals. Insert: 
magnified region of the EDX spectra revealing the presence of Nb in the alloy sample. The 
table displays the composition (atomic percentage) determined from each spectrum. The 
optical image shows the morphology of the as-grown Nb0.1W0.9S2 single crystals. 
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5.3.1 STEM images 
5.3.1.1 ADF-STEM images of Nb0.1W0.9S2 monolayer 
ADF-STEM images were recorded to visualise the Nb0.1W0.9S2 monolayer atomic 
structure. An example of these images is shown in Figure 5.3a. The transition metal 
sublattice contains two different type of atoms. In this sublattice the brighter dots 
correspond to the heavier element, W (Z = 74), and the darker to the lighter element, Nb 
(Z = 41). Notice that the S sublattice is barely visible under these imaging conditions. 
The images show a visible order (vertical dark lines) in the Nb0.1W0.9S2. The ordering is 
clearly detectable by eye in this alloy in the electron microscopy images. Nevertheless, 
likewise to Chapter 3, to confirm the identification by contrast, the intensity profiles of 
the ADF images were simulated quantitatively via the clTEM software131 using the input 
atomic structure model presented in Figure 5.3b (middle). This model contains Nb atoms 
in a vertical line in the corresponding transition metal sublattice (brown atoms in the 
model). The simulated image is presented on the right hand side of Figure 5.3b. 
Experimental and simulated images are very similar at first glance. Further quantitative 
comparison was carried out by comparing the intensity profiles along the blue and red 
lines in experimental and simulated ADF images respectively (Figure 5.3c). The two 
 
Figure 5.3. ADF-STEM images of a Nb0.1W0.9S2 monolayer. (a) ADF-STEM images of a 
Nb0.1W0.9S2 monolayer over a large area. (b) (left) magnified image of a selected area in (a), 
(middle) atomic model of the selected area, (right) simulated ADF image. (c) Intensity profiles 
along the red and blue lines in experimental and simulated ADF images in (b), respectively.  
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intensity profiles are in close agreement. Since the difference in intensity between W and 
Nb is large, it is reasonable to use the contrast alone for identifications.  
Based on the experimental observations from ADF-STEM imaging of Nb0.1W0.9S2 
monolayers (Figure 5.3a), it is obvious that the Nb atoms distribution within the W matrix 
is not random.  
1. The Nb atoms tend to form atomic lines. Different lengths of Nb ordered atomic 
lines were observed, ranging from 3 to 6 atoms. 
2. The majority of the Nb atomic lines occur along one of the three equivalent 
crystallographic directions ([100], [010] and [110]).  
3. Nb ordered atomic lines tend to be separated by several unit cells of WS2.  
5.3.1.2 ADF-STEM images of Nb0.17W0.83Se2 monolayer 
Similarly, a Nb0.17W0.83Se2 monolayer was analysed following the procedure 
described above. Figure 5.4a shows an ADF-STEM image of the Nb0.17W0.83Se2 alloy. 
Note that the Se has a higher atomic number than S (34 vs 16), therefore all the atoms 
 
Figure 5.4. ADF-STEM images of a Nb0.17W0.83Se2 monolayer. (a) ADF-STEM images of a 
Nb0.17W0.83Se2 monolayer over a large area. (b) (left) magnified image of a selected area in (a), 
(middle) atomic model of the selected area, (right) simulated ADF image. (c) Intensity profiles 
along the red and blue lines in experimental and simulated ADF in (b), respectively. 
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are visible in this sample, but the same identification method could be applied to 
separately identify the Nb and W atoms in Nb0.17W0.83Se2.  
5.3.2 Warren-Cowley SRO parameters analysis  
Although at first glance there is a clear difference in the atomic distribution between 
the Nb0.1W0.9S2 and Nb0.17W0.83Se2, with local Nb-ordering observed in the former, the 
significance of this feature requires detailed statistical analysis. Here, a similar SRO 
analysis approach is followed to the one described in section 4.4.2. Thus, according to 
the equation 4.2 and 4.3, the Warren-Cowley SRO parameters, i.e. 𝑃𝑃𝑊𝑊−𝑊𝑊 ,𝑎𝑎 and 𝛼𝛼𝑎𝑎 can be 
calculated. The structure model shown in Figure 5.5a, schematically indicates with 
arrows the 1st to 8th nearest neighbours around a metal atom. Figure 5.5b shows a 
quantitative comparison of the 𝛼𝛼𝑎𝑎 for Nb0.1W0.9S2 and Nb0.17W0.83Se2 monolayers from 
their 1st to 8th coordination shells. For Nb0.17W0.83Se2 all the coordination shells (𝛼𝛼1 to 
𝛼𝛼8) show negligible SRO parameters, 𝛼𝛼𝑎𝑎 ~ 0, indicating that the Nb is randomly 
distributed in these shells. On the other hand, for the Nb0.1W0.9S2 monolayer, there are 
two main groups of SRO parameters:  
(i) 1st, 3rd, 5th and 8th coordination shells (𝛼𝛼1, 𝛼𝛼3, 𝛼𝛼5 and 𝛼𝛼8) fall between 0 < 𝛼𝛼𝑎𝑎 <
1, indicating Nb atoms at these shells tend to form homo-atoms (segregations).  
 
 
Figure 5.5. Statistical short-range order (SRO) analysis of the Nb0.1W0.9S2 structure. (a) 
Modelled Nb0.1W0.9S2 structure with arrows schematically indicating 1st to 8th nearest 
neighbours around a metal atom. (b) Comparison of the Warren-Cowley SRO parameters 
calculated from the Nb0.1W0.9S2 and Nb0.17W0.83Se2 monolayers shown in Figure 5.3 and 5.4, 
respectively. 
Chapter 5: Atomic and Electronic Structure of Ordered Alloys 
119 
(ii)  2nd, 4th, 6th and 7th coordination shell (𝛼𝛼2, 𝛼𝛼4, 𝛼𝛼6 and 𝛼𝛼7) are close to 0, indicating 
Nb atoms distribute randomly at these shells.  
However, the result of this SRO analysis differs from the visual observations of the 
Nb0.1W0.9S2 STEM image which clearly shows single atomic lines along just one of the 
equivalent directions.  
To quantitatively analyse the structure precisely, a vector pair correlation α = (𝛼𝛼𝑎𝑎,1, 
𝛼𝛼𝑎𝑎,2, 𝛼𝛼𝑎𝑎,3) based on its hexagonal structure was introduced. This allows the short-order 
range to be analysed along principal crystallographic directions60,132. 𝛼𝛼𝑎𝑎,1 is along [100] 
and [1�00]; 𝛼𝛼𝑎𝑎,2 is along [010] and [01�0]; 𝛼𝛼𝑎𝑎,3 is along [110] and [1�1�0].  Thus, the Warren 
and Cowley SRO parameters can be rearranged and expressed as follows, 
 𝛼𝛼𝑎𝑎,𝑑𝑑 =  
𝑃𝑃𝑁𝑁𝑁𝑁−𝑁𝑁𝑁𝑁,𝑖𝑖,𝑑𝑑−𝑚𝑚𝑁𝑁𝑁𝑁
𝑚𝑚𝑊𝑊
 5. 1 
where 𝑃𝑃𝑁𝑁𝑏𝑏−𝑁𝑁𝑏𝑏,𝑎𝑎,𝑑𝑑 is the probability that a Nb atom is found in the ith nearest neighbour 
along direction d (d = 1, 2 and 3 based on its hexagonal structure). The Warren-Cowley 
SRO parameters were determined along the [100], [010] and [110] directions from the 
1st to 8th nearest neighbours (𝛼𝛼𝑎𝑎,1, 𝛼𝛼𝑎𝑎,2 and 𝛼𝛼𝑎𝑎,3) as schematically indicated in Figure 5.6a. 
The probability 𝑃𝑃𝑁𝑁𝑏𝑏−𝑁𝑁𝑏𝑏,𝑎𝑎,𝑑𝑑 is defined by the following expression:  





 5. 2 
where 𝑁𝑁𝑁𝑁𝑏𝑏−𝑗𝑗𝑁𝑁𝑏𝑏,1 are the number of Nb atoms surrounded by j Nb atoms (j = 0 to 2) along 
[100] and [1�00], N is the total number of the metal atoms.   
These Warren-Cowley SRO parameters along the equivalent crystallographic 
directions were determined for both Nb0.1W0.9S2 and Nb0.17W0.83Se2 alloys from ADF-
STEM images, providing a quantitative analysis and comparison. Here again, by the 
definition of the SRO parameters, when 0 < 𝛼𝛼𝑎𝑎,𝑑𝑑 < 1 there is a large fraction of homo-
atoms (segregations), while if −1 < 𝛼𝛼𝑎𝑎,𝑑𝑑 < 0  the Nb atoms tend to separate from one 
another. When 𝛼𝛼𝑎𝑎,𝑑𝑑 is close to 0, the Nb atoms are randomly distributed in the alloys. For 
the defined vector of SRO parameters, α = (𝛼𝛼𝑎𝑎,1, 𝛼𝛼𝑎𝑎,2, 𝛼𝛼𝑎𝑎,3), when 𝛼𝛼𝑎𝑎,1, 𝛼𝛼𝑎𝑎,2 and 𝛼𝛼𝑎𝑎,3 are 
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all close to 0, the alloys are random distributed. When one of the three components falls 
between 0 and 1, there is tendency to form segregations in that direction.   
For Nb0.1W0.9S2 monolayers, the ADF-STEM image in Figure 5.3a visually shows 
atomic lines along one of the equivalent directions [100], [010] and [110]; the SRO 
analysis is in agreement with this observation. Figure 5.6b shows the Warren-Cowley 
SRO parameters from the 1st to 8th nearest neighbours in the three non-equivalent 
directions: 𝛼𝛼𝑎𝑎,1, 𝛼𝛼𝑎𝑎,2 and 𝛼𝛼𝑎𝑎,3. Along [010] (and [01�0]), all the SRO parameters fall 
between (0, 1) confirming the Nb atoms tend to form line segregations along this 
direction. Furthermore, the parameters decrease from the 1st to 8th nearest neighbour 
along 𝛼𝛼𝑎𝑎,1 direction indicating short segregations are more favourable than long ones. 
However, along 𝛼𝛼𝑎𝑎,2 and 𝛼𝛼𝑎𝑎,3 direction, the order parameters of the 1st to 8th nearest 
neighbours are all close to 0, therefore the Nb atoms are randomly distributed in these 
two directions.  This is consistent with the visual observations listed in section 5.3.1.a.  
 
Figure 5.6. Statistical SRO analysis. (a) The Warren-Cowley SRO parameters can be further 
described via a vector pair correlation α = (αi,1, αi,2, αi,3) based on hexagonal structure. 
Modelled Nb0.1W0.9S2 structure with arrows schematically indicating 1st to 4th nearest 
neighbours around a metal atom along [100], [010] and [110]. (b) Comparison of the Warren-
Cowley SRO parameters along αi,1, αi,2, and αi,3 calculated for the Nb0.1W0.9S2 and 
Nb0.17W0.83Se2 monolayers shown in Figure 5.3 and 5.4, respectively. 
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For monolayer Nb0.17W0.83Se2, the SRO parameters from the 1st to 8th nearest 
neighbour along different directions are shown in Figure 5.6b. As can be observed, all 
the SRO parameters are close to 0, indicating that Nb atoms tend to distribute randomly 
in the Nb0.17W0.83Se2 monolayer, in agreement with the conclusions drawn from visual 
inspection of the ADF-STEM imaging of this alloy in Figure 5.4a.  
5.3.3 DFT calculations  
To gain insight into the cause of the SRO in Nb0.1W0.9S2, the group of Dr Nicholas 
Hine performed DFT calculations of this system. As described in section 4.4.3, the 
formation energy can be calculated as135 
EF =  ET −  ET
pure +  �𝑚𝑚µi
i
 
where ET is the total energy of a supercell, ET
pure is the total energy of pure materials, μ𝑠𝑠 
is the chemical potential and m the number of substituted cations. 
The binding energy, Eb, for an atomic configuration with m doped atoms can be 
calculated as follows135:  
Eb = EF(mNb) – mEF(1Nb) 
                            = ET(mNb) – mET(1Nb) – (m-1) ET
pure 
where ET(𝑚𝑚Nb) is the total energy of a supercell with m substituted cations in a desired 
configuration. Therefore, the binding energy (Eb) is defined as the difference of the 
formation energies between isolated and segregated Nb atoms in supercells at the same 
concentration.  
The binding energies for given atomic configurations, depending on the number of 
Nb-Nb bonds, are presented in Table 5.1. The binding energy for two adjacent Nb atoms 
in a supercell is found to be -125.80 meV, increasing with the number of Nb atoms in the 
supercell (binding energy more negative). This is a substantial binding energy, much 
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larger than that found for Mo1-xWxS2 in the previous chapter, justifying why ordering is 
observed here. These results indicate that Nb atoms tend to form segregations, with larger 
segregations more energetic favourable than small ones.  Moreover, at thermal 
equilibrium, segregations with L shapes are more energetically favourable than line, 
triangle or square shapes when there are 4 or 5 Nb atoms in a supercell (see corresponding 
binding energies in Table 5.1). This last fact is clearly different from the visual 
observations from the atomic-resolution imaging of Nb0.1W0.9S2 monolayers where lines 
are observed rather than L segregations. This indicates that the atomic distribution in this 
alloy cannot be explained just by thermodynamics, kinetic effects must also play an 
important role during growth. One possible explanation is the much lower Nb than W 
concentration at the growing front. Since the growing front of a single flake moves 
forward row-by-row60,157,158, the Nb atoms at the front are segregated to Nb atoms in the 
previous row, forming line configurations. Although clusters are energetically preferred, 
if the Nb concentration is too low, before a Nb atom can diffuse to minimise the energy, 
it is possible that the growing front has already moved forward, and the resultant line-
Table 5.1. Calculated binding energies of atomic configurations selected from the STEM 
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structure is frozen kinetically. This explains the prevalence of atomic line configurations 
of Nb atoms as observed in the CVT grown monolayers. 
The binding energy continues to increase as the line of Nb atoms extends, indicating 
that ordering should persist beyond pairs of atoms into lines. The experimental 
observations of Nb0.1W0.9S2 monolayers are thus consistent with a combination of kinetic 
and thermodynamic considerations. The spacing of several unit cells between lines of Nb 
atoms indicates that the Nb atoms must diffuse at least that length scale along the edge 
of the growing front. The continuous decrease of 𝛼𝛼𝑎𝑎,1 with i, despite the binding energy 
increasing with increasing length of line, indicates that at these low Nb concentrations 
there is a significant probability that the growth front advances, ending the segment of 
Nb line, before a Nb atom diffuses along the growing front to join the end of the existing 
Nb line. This low concentration and short diffusion length also explain why Nb lines are 
formed rather than L shapes. 
Table 5.2. Calculated binding energies of selected atomic configurations in an 8 × 8 supercell. 
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5.3.3 Multi-layer Nb0.1W0.9S2 
As discussed in the previous sections, in Nb0.1W0.9S2 monolayers lines of Nb atoms 
are observed along one of the three equivalent crystallographic directions ([100], [010] 
and [110]), with a few unit cells of WS2 between the lines. These monolayers are 
exfoliated from a bulk single crystal grown by CVT. So, an obvious question is whether 
the lines of Nb atoms are aligned across the layers of the bulk crystals.  
To analyse this, ADF-STEM images were taken in areas of Nb0.1W0.9S2 crystals 
containing both monolayers and bilayers.  Figure 5.7a shows both monolayer and bilayer 
regions; there is a small section of bilayer on the right hand side of the image (brighter). 
Here it seems that Nb atoms form the same pattern in the monolayer and bilayer of the 
Nb0.1W0.9S2 crystals. Figure 5.7b shows a bilayer Nb0.1W0.9S2 with a hole, in which the 
bottom layer is exposed; in this section  the Nb atoms are still ordered into lines and the 
atomic lines in each layer lie along the same crystallographic direction. Figure 5.7c 
reveals a large area of Nb0.1W0.9S2 bilayer flake. Here, the Nb lines occur along different 
crystallographic directions, pointing at 60°/120° (as expected on its hexagonal structure) 
with respect to each other. From analysis of multiple regions, it seems there is no 
correlation (or anti-correlation) of the direction of ordering in one-layer relative to the 
next. This is consistent with the formation of the lines being related to the growth fronts.  
 
Figure 5.7. ADF-STEM images of bilayer Nb0.1W0.9S2. (a) An ADF image of a Nb0.1W0.9S2 
flake with monolayer and bilayer regions at its edge shows the line segregations stack along 
the same crystallographic direction. (b) An ADF image of bilayer Nb0.1W0.9S2 with the Nb 
atomic lines in each layer lying parallel to one another. (c) An ADF image of a bilayer 
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5.4 Optical properties of short-range ordered Nb0.1W0.9S2 monolayers 
As described in Chapter 2, ARPRS can be used to investigate anisotropy in a 
material’s optical properties24,159–161. For example, ARPRS has been used to rapidly 
identify the crystal orientation of BP and 1T’ MoTe277,162,163. Here, the ordered atomic 
lines of Nb, which span the whole monolayer flakes, break the six-fold rotational 
symmetry of the crystal lattice. This may lead to anisotropic Raman response along, or 
perpendicular to, the direction of the Nb lines which could be expected to support NbS2-
like phonon modes. Therefore, we applied ARPRS measurements to investigate whether 
an in-plane anisotropic Raman response could be used as a rapid and simple signature of 
this atomic-scale ordering.  
5.4.1 In-plane polarisation Raman spectra 
As introduced in Chapter 2, there are two common arrangements for ARPRS; the 
Horiba system used for this work relies on a half-wave plate, as shown in Figure 5.8a. 
The laser travels through polariser Ⅰ and a half-wave plate to the sample, from which it 
is reflected to a spectrometer, after passing polariser Ⅱ. The polarisation state is 
controlled by the half-wave plate. By rotating the fast axis of the half-wave plate by angle 
α/2, the incident laser was linearly polarised and rotated α with respect to X axis of the 
laboratory coordinates. Figure 5.8b and 5.8c show two typical configurations used in the 
following measurements. The laboratory coordinates (X, Y, Z) are represented by red 
arrows, while the crystal coordinates (𝑥𝑥′, 𝑦𝑦′, 𝑧𝑧′) are in black short dash arrows. The 
orientation of the monolayer flake with respect to laboratory coordinates is unknown 
(defined as θ). In parallel configuration, polariser Ⅱ is parallel to the x axis of laboratory 
coordinates, however it is aligned parallel to Y axis of laboratory coordinates in cross 
configuration.  
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Raman tensors of the Raman active modes A1g, E1g and 2E2g (E2g1  and E2g2 ) for 
























� .   5. 3 
In the back-scattering Raman configuration (within XY plane), E1g is absent due to 
its Raman tensor79. The E2g2  is expected around 33.5 cm-1, out of the detection range of 
this experiment. Therefore, in this chapter we focus on analysis of the A1g and E2g1  modes. 
 
Figure 5.8. Schematic diagrams of ARPRS. (a) Polarized Raman spectra were observed via 
the schematic setup. The laser is linearly polarized after travelling through a half-wave plate 
and propagates along z axis. Two configurations (parallel and cross) are shown in (b) and (c), 
respectively. The red arrows represent the laboratory coordinate (X, Y, Z) and the black dash 
arrows correspond to the crystal coordinate (𝑥𝑥′, 𝑦𝑦′, 𝑧𝑧′), respectively. θ is the angle between the 
laboratory and crystal coordinates. The orange and light green double arrows indicate the 
incident beam and the scattered beam detected by the spectrometer, respectively. α is the 
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The Raman intensity of a phonon mode in classical formula has been introduced in 
Chapter 224, 
I ∝ |𝒆𝒆𝒊𝒊 ·𝑹𝑹�· 𝒆𝒆𝒔𝒔|2 , 
where 𝒆𝒆𝒊𝒊 and 𝒆𝒆𝒔𝒔 are the incident and scattered beam, respectively, and 𝑹𝑹� is the Raman 
tensor. A phonon mode can only be detected when I ≠ 024. 
For the parallel configuration shown in Figure 5.8b, the Raman intensity for the A1g 
mode can be calculated via  











To simplify, 𝐼𝐼A1g ∝ 𝑎𝑎
2𝑐𝑐𝑠𝑠𝑐𝑐2𝛼𝛼. Therefore, the intensity of the A1g mode depends on the 
angle of the half-wave plate.  
Meanwhile the in-plane E2g1  mode is double-degenerate and there are two Raman 
tensors, Rx and Ry, vibrating along the a and b axis, respectively165,166. Therefore, the 
Raman intensity of E2g1  mode can be calculated via165: 
𝐼𝐼E2g1  = 𝐼𝐼E2g1 −𝑥𝑥 + 𝐼𝐼E2g1 −𝑥𝑥 = |𝒆𝒆𝑎𝑎 ·𝑹𝑹𝑥𝑥· 𝒆𝒆𝑆𝑆|
2 + |𝒆𝒆𝑎𝑎 ·𝑹𝑹𝑥𝑥· 𝒆𝒆𝑆𝑆|2 .  5. 4 
For the two components:  











= 𝑑𝑑2(cos𝛼𝛼 sin 2𝜃𝜃 + sin𝛼𝛼 cos 2𝜃𝜃)2, 











= 𝑑𝑑2(cos𝛼𝛼 cos 2𝜃𝜃 − sin𝛼𝛼 sin 2𝜃𝜃)2. 
For the E2g1  mode,  
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𝐼𝐼E2g1  = 𝐼𝐼E2g1 −𝑥𝑥 + 𝐼𝐼E2g1 −𝑥𝑥 
 ∝ 𝑑𝑑2[(cos𝛼𝛼 sin 2𝜃𝜃 + sin𝛼𝛼 cos 2𝜃𝜃)2 + (cos𝛼𝛼 cos 2𝜃𝜃 − sin𝛼𝛼 sin 2𝜃𝜃)2] = 𝑑𝑑2. 
Therefore, for the parallel configuration, the E2g1  mode is a constant as a function of the 
angle of the incident light. It should be polarisation independent. 





�, therefore the intensity of the two Raman modes can be calculated via 
similar operations giving 𝐼𝐼A1g ∝ 𝑎𝑎
2𝑐𝑐𝑠𝑠𝑠𝑠2𝛼𝛼 and 𝐼𝐼E2g1  = 𝐼𝐼E2g1 −𝑥𝑥 + 𝐼𝐼E2g1 −𝑥𝑥 ∝ 𝑑𝑑
2. Thus, the 
intensity of A1g mode is proportional to 𝑎𝑎2𝑐𝑐𝑠𝑠𝑠𝑠2𝛼𝛼 in the cross configuration, while the 
E2g1  mode is independent of 𝛼𝛼. 
5.4.1.1 Polarised Raman spectra  
For pure materials, an optical image of exfoliated WS2 flakes on a SiO2 substrate is 
shown in Figure 5.9a. The Raman spectra are shown in Figure 5.9c for Z(XX)?̅?𝑍 and 
Z(XY)?̅?𝑍 polarisation configurations. The directions of the laboratory coordinate and 
incident laser (polariser Ⅰ) are indicated via solid arrows. The Raman peaks located at 
351.5, 356.0 and 415.3 cm-1 corresponding to 2LA (M), E2g1  (Γ) and A1g (Γ) optical 
modes, respectively, are consistent with the literature values for excitation with the same 
laser wavelength (488 nm)167. For pure NbS2 monolayers on a SiO2 substrate, the 
reported Raman active modes E2g1  (Γ) and A1g (Γ) are at 303.0 and 379.0 cm-1, 
respectively168,169.   
The Raman spectra of Nb0.1W0.9S2 monolayers for Z(XX)?̅?𝑍 and Z(XY)?̅?𝑍 polarisation 
configurations are shown in Figure 5.9d and compared to the pure materials. The Raman 
peaks of the WS2-like E2g1  (Γ) and A1g (Γ) optical modes are at 357.7 and 416.2 cm-1, 
while the NbS2-like E2g1  (Γ) and A1g (Γ) modes are around 310 and 389 cm-1, 
respectively. Compared to the pure materials, the modes shift to higher wavenumber, 
consistent with the expected p-type doping. While the second order Raman mode 
2LA(M) that is the longitudinal acoustic mode around the M point of the BZ shifts to 
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lower wavenumber, that can be attributed to the change of electronic structure caused by 
the alloying.  
5.4.1.2 Angle-resolved polarised Raman spectroscopy (ARPRS) of WS2 
monolayers 
The Raman intensity of A1g modes is expected to be proportional to 𝑎𝑎2𝑐𝑐𝑠𝑠𝑐𝑐2𝛼𝛼 and 
𝑎𝑎2𝑐𝑐𝑠𝑠𝑠𝑠2𝛼𝛼 in parallel and cross configurations, respectively, where α is the angle controlled 
by the half-wave plate, independent of the sample. By contrast, the Raman intensity of 
the  E2g1  mode is expected to be constant (𝐼𝐼E2g1  ∝ 𝑑𝑑
2), independent of the angles of 
polarisation.  
Figure 5.10 shows the Raman spectra as a function of the polarisation angle, along 
with the corresponding polar plots for E2g1  and A1g modes of pure WS2 monolayer in the 
parallel configuration. The normalised polar plot of the A1g mode at the top of Figure 
5.10b shows the Raman intensity as a function of the polarisation angle: it has a 
maximum value at 0° and minimum at 90°, consistent with the predictions derived before 
 
Figure 5.9. Polarized Raman spectra of a WS2 and a Nb0.1W0.9S2 monolayer. (a) Optical image 
of the WS2 flake, the directions of the incident and scattered laser have been shown in orange 
and green, respectively. The laboratory coordinates are shown in red arrows. (b) Optical image 
of Nb0.1W0.9S2 flake. Comparison of (c) WS2 and (d) Nb0.1W0.9S2 spectra in the range of 250 
to 475 cm-1 for Z(XX)?̅?𝑍 and Z(XY)?̅?𝑍 polarisation configurations. 
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(𝐼𝐼A1g ∝ 𝑎𝑎
2𝑐𝑐𝑠𝑠𝑐𝑐2𝛼𝛼). The polar plot for the Raman active E2g1  mode for pure WS2 is shown 
at the bottom of Figure 5.10b. It is close to a circle, constant independent of the angle of 
polarisation, in agreement with the predictions (𝐼𝐼E2g1  ∝ 𝑑𝑑
2).  
5.4.1.3 Polarization dependent measurements of Nb0.1W0.9S2 monolayer 
There are two clear features around 355 and 415 cm-1 in the Raman spectra of 
monolayer Nb0.1W0.9S2 in the range of 175 - 475 cm-1 for both parallel and cross 
configurations, as shown in Figure 5.11a and 5.11b respectively. As discussed in section 
5.4.1.1, the peaks around 310 and 358 cm-1 correspond to the NbS2-like E2g1  and WS2-
like E2g1  modes, respectively, while the peak around 415 cm-1 originates from the WS2-
like A1g mode. The integrated intensity of each peak has been plotted as a function of the 
polarisation angle (the angle of the half-wave plate 𝑎𝑎) in Figure 5.11c – 5.11h.  
 
Figure 5.10. Polarization dependence of the intensity of the Raman modes in the parallel 
configuration. (a) Polarization dependent Raman spectra of WS2 monolayer as a function of 
polarization angle α. (b) Normalised polar plots of the Raman modes in (a), for the A1g mode 
at the top and E2g1  mode at the bottom.  
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Figure 5.11. Polarization-dependent Raman spectra of a monolayer Nb0.1W0.9S2 in parallel and 
cross configuration. The sample is shown in Figure 5.9b. Polarization-dependent Raman 
spectra in range of 175 to 475 cm-1, in (a) parallel and (b) cross configuration, respectively. 
Normalised polar plots of WS2-like A1g mode in (c) parallel and (d) cross configuration. 
Normalised polar plots of WS2-like E2g1  mode in (e) parallel and (f) cross configuration. 
Normalised polar plots of NbS2-like E2g1  mode in (g) parallel and (h) cross configuration. 
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For the WS2-like A1g mode, the polar plots for parallel and cross configurations are 
shown in Figure 5.11c and 5.11d, respectively. The intensity of A1g mode for parallel 
configuration in figure 5.11c has its maximum value at 0° and minimum value at 90°, 
consistent with the prediction in section 5.4.1 that 𝐼𝐼A1g ∝ 𝑎𝑎
2𝑐𝑐𝑠𝑠𝑐𝑐2𝛼𝛼. For cross 
configuration, the minimum intensity is at 0° with the maximum at 90°, again as 
predicted in section 5.4.1.1 (𝐼𝐼A1g ∝ 𝑎𝑎
2𝑐𝑐𝑠𝑠𝑠𝑠2𝛼𝛼).  
For the WS2-like E2g1  mode in parallel and cross configuration, Figure 5.11e and 5.11f 
shows constant intensity that is independent of the polarisation angle of the incident laser, 
again in agreement with the predictions 𝐼𝐼E2g1  ∝ 𝑑𝑑
2 in section 5.4.1. While for the NbS2-
like E2g1  mode, the Raman intensity of Figure 5.11g and 5.11h are constant in parallel 
and cross configurations as well.   
The Raman tensors used to predict the Raman intensities only depend on the 
symmetry of the vibrational mode and the point groups, independent of the specific 
materials24,159. For example, hexagonal 1H-MoTe2 shows Raman intensity independent 
of the polarisation angle while the monoclinic 1T′-MoTe2 shows anisotropic 
properties163. Although the Nb atomic lines are lying along one direction over the whole 
monolayer single crystal, they are not periodic or continuous and the overall symmetry 
is retained on optical length scales (the crystallographic point group). Hence, the polar 
plots of the Raman active modes for Nb0.1W0.9S2 monolayer are similar to those of the 
pure materials. This demonstrates that ARPRS is not a sensitive probe for ordering in 
MX2 alloys and atomic resolution imaging is required. 
5.4.2 PL measurements on Nb0.1W0.9S2 monolayers 
Both elemental analysis and atomic resolution imaging show significant 
concentrations of Nb (around 10%) which should act as a p-type dopant in WS2, since 
Nb has one less valence electron than W. At this concentration, the flakes should be 
degenerately doped or metallic, with the chemical potential deep in the VB. This makes 
it intriguing to look for a PL response in monolayers of this material. Figure 5.12a shows 
PL spectra of Nb0.1W0.9S2 and WS2 monolayers. The PL peak of pure WS2 monolayer is 
at 1.97 eV and can be attributed to A exciton emission106,107,170. The PL peak of Nb-
containing WS2 becomes broader and is red-shifted, however, the main peak around 1.76 
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eV can still be assigned to A exciton emission. In addition to the A exciton emission 
peak, there are new peaks at 1.65-1.75 eV that can be deconvoluted from the Nb0.1W0.9S2 
spectrum. These peaks may be assigned to emissions from the localised excitons that 
have been trapped in the potential caused by the impurity atoms.  
Similarly, to investigate the effect of the atomic lines on the properties of Nb0.1W0.9S2, 
we performed polarised PL measurements in the Horiba system. As seen in Figure 5.12b, 
both the intensity and energy of the PL emission are independent of the polarisation angle 
of the incident laser beam.  
5.5 Optical and electronic measurements on random Nb0.17W0.83Se2 
alloys 
5.5.1 Optical measurements 
Figure 5.13a shows the Raman spectrum of Nb0.17W0.83Se2 monolayer under 488 nm 
laser excitation. For a pure WSe2 monolayer, the A1g and E2g1  modes are located at 251 
cm-1 and 248 cm-1, respectively67, while for pure NbSe2, the A1g and E2g1  modes are at 
228.7 cm-1 and 237.5 cm-1, respectively under an excitation of 532 nm164. The peak 
around 245 cm-1 can be assigned to the WSe2-like A1g and E2g1  modes, while the shoulder 
 
Figure 5.12. PL measurements on a Nb0.1W0.9S2 and a WS2 single layer. (a) PL spectra of the 
exfoliated Nb0.1W0.9S2 and WS2 flakes shown in Figure 5.9a and 5.9b, respectively. (b) PL 
emission peak positions of Nb0.1W0.9S2 monolayers as a function of polarisation angle of the 
incident laser beam. (c) Normalised intensity of Nb0.1W0.9S2 PL peaks as the half-wave plate 
is rotated from 0 to 90°.  
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around 225 cm-1 can be attributed to the A1g mode of NbSe2, this is consistent with the 
literature171. The PL spectrum of the Nb0.17W0.83Se2 monolayer is shown in Figure 5.13b, 
it is slightly blue-shifted to 1.68 eV, compared to 1.65 eV for pure monolayer WSe2 
monolayer under 488 nm excitation172. Furthermore, because the Nb0.17W0.83Se2 
monolayer shows random distributions, and it shows the similar atomic structure as pure 
WSe2, there is no further polarisation measurements taken.  
5.5.2 ARPES measurements 
ARPES measurements were performed at the Spectromicroscopy beamline of the 
Elettra synchrotron in Trieste. Data analysis and DFT calculations were performed by 
Dr. Nick Hine. A flake of Nb0.17W0.83Se2 was exfoliated, transferred to hBN, and 
measured. Energy-momentum slices along the Г to K direction for monolayer, bilayer 
and bulk regions of Nb0.17W0.83Se2 are shown in Figure 5.14. The bands near the K valley 
are similar from monolayer to bulk, because of their in-plane orbital character35. 
However, there are strong hybridization effects on the bands near Γ because of the out-
of-plane orbital character. The VB splits at Γ for the bilayer and bulk alloy, as expected 
for pure WSe235, with the band edge moving to lower binding energy. As a result, the 
VBM changes from Γ to K as it is reduced from bulk to monolayer and the bandgap 
 
Figure 5.13. Optical measurements on an exfoliated Nb0.17W0.83Se2 monolayer. (a) Raman 
spectrum with a range of 150 - 450 cm-1. (b) PL spectrum of the Nb0.17W0.83Se2 monolayer. 
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evolves from indirect to direct. However, unlike pure WSe2 where the chemical potential 
is near the centre of the band gap, the chemical potential is clearly in the VB indicating 
strong p-type doping.  
The spectra for bilayer Nb0.17W0.83Se2 and bilayer WSe2 are compared in Figure 5.15, 
with DFT predictions for bilayer WSe2 overlaid. Compared with pure bilayer WSe2, the 
bands upshift, with the band edges higher than the Fermi level at both K and Г. The 
energy of the band edges is found by comparison of the ARPES to the DFT spectra, 
giving 𝐸𝐸𝜞𝜞 = 0.41 eV and 𝐸𝐸𝑲𝑲𝟏𝟏 = 0.23 eV. From this, the carrier concentration can be 
estimated using173: 
 
Figure 5.14. ARPES measurements for Nb0.17W0.83Se2 flake with different thickness. Energy-
momentum slices along the Г to K direction of (a) monolayer Nb0.17W0.83Se2, (b) bilayer 
Nb0.17W0.83Se2 and (c) bulk Nb0.17W0.83Se2 with DFT predictions overlaid on each, aligned with 
the lower VB at K. 
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−∞ ,   5. 5 
where g(E) is the density of energy states, 𝑔𝑔𝑒𝑒𝐾𝐾1 =  
(2)(2)𝑚𝑚∗𝐾𝐾1
𝜋𝜋 ħ2




f(E) = exp�𝐸𝐸𝐹𝐹 − 𝐸𝐸
𝑆𝑆𝐵𝐵𝑇𝑇
� is the statistical distribution function describing the occupation of 
these states173. The effective mass can be obtained from DFT predictions 𝑚𝑚∗𝛤𝛤 = 0.96 
mo174, while 𝑚𝑚∗𝐾𝐾1 = 0.42 mo175. Using these predictions, we demonstrated a value for 
𝑝𝑝 = 4.9 × 1014 cm−2. This corresponds to 0.42 holes per unit cell for a bilayer, 
consistent (within expected levels of uncertainty for this estimation) with the 
composition of Nb0.17W0.83Se2 determined by atomic-resolution imaging.  
It is thus clear that the Nb0.17W0.83Se2 flakes are heavily doped to the extent that they 
should be metallic in nature. For the PL measurements of the Nb0.1W0.9S2 and 
Nb0.17W0.83Se2 monolayer, the optical emission peaks corresponding to A excitons are 
similar to those of the corresponding pure materials. It is difficult to reconcile this optical 
response with the significant change to the electronic structure. Since the Nb atoms form 
atomic segregations (Å) within the W matrix, this could be attributed to localised 
excitons on similar length scales behaving differently to the area-averaged band 
structure. Therefore, it is interesting to study whether there are local changes in the 
electronic structure due to the Nb ordering. LL-STEM-EELS is a promising technique 
for achieving this due to its subwavelength resolution and ability to probe the local 
density of the optical states for thin materials91,92,176. 
 
Figure 5.15. Comparison of ARPES measurements on the Nb0.17W0.83Se2 alloy and pure 
material. Energy-momentum slices along the Г to K direction of (a) bilayer Nb0.17W0.83Se2 and 
(b) bilayer WSe2 32 with DFT predictions overlaid on each, aligned with the lower VB at K. 
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5.6 STEM plasmon spectroscopy  
LL-STEM-EELS analysis was carried out on a monolayer Nb0.1W0.9S2 flake 
encapsulated in graphene for stability. An integrated spectrum of the region is presented 
in Figure 5.16 where the ZLP has been deconvoluted and subtracted. Here, the 𝜋𝜋 + 𝜎𝜎 
bulk plasmon around 22 eV is observed. Note that the intensity in the 𝜋𝜋 + 𝜎𝜎 bulk plasmon 
is very large due to the hydrocarbon contribution present in the specimen. Shoulder 16 





 ,  5. 6 
with 𝐸𝐸𝑝𝑝 is the bulk plasmon energy. 
The ADF-STEM image (Figure 5.17a) shows the region of interest (ROI) where the 
data was acquired. The spectra in Figure 5.17b, from 2 eV to 18 eV, correspond to the 
area enclosed in the red and blue boxes, i.e. pure WS2 and Nb-containing areas, 
respectively. In the spectra at room temperature two features (marked i and ii) can be 
distinguished at 3.0 eV and 8.5 eV, respectively.  
Previous works (LL-STEM-EELS) on MoS2 flakes assigned the peak around 3.0 - 3.5 
eV to the C-exciton177 that is inconsistent with its optical measurements (absorption and 
reflectance spectra)178,179. While there are no features around 3.0 eV in the reported LL-
EELS of graphite, independent of the number of layers180,181. Therefore, we assign the 
 
Figure 5.16. Low loss STEM-EELS of the region of interest (ROI) on a monolayer Nb0.1W0.9S2 
encapsulated with graphene. 
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peak at around 3.0 eV to excitons of the 2D alloys. When the MoS2 or WS2 flake is 
stacked with graphene, there are two possibilities, renormalisation of band structure 
occurs or not178,182. In the case of renormalisation, there will be shifts for the energy of 
C-excitons, but this shift is small in range of 0.1 eV182. Hence although the sample is 
graphene encapsulated, it is still reasonable to assign the peak at this range to excitons.  
Furthermore, peak ii around 8.5 eV can be assigned to 𝜋𝜋-bulk plasmon of the 
Nb0.1W0.9S2 flakes. In MoS2 the 𝜋𝜋-bulk plasmon can be observed at 8.3 eV177. 
Shoulder/intensity at 6 eV correspond to the 𝜋𝜋 surface plasmon energy. However, the 
broad background peak from 2.0 to 12.0 eV is attributed to graphene 180,181. 
No clear differences are observed between the pure WS2 and Nb-containing layer. The 
features distinguished in the EELS spectra appear to be uniform in intensity and position 
across the alloy, despite the atomic ordering, offering no clarification for the apparently 
contradictory findings from PL and ARPES measurements. It would be interesting to 
extend the low loss EELS to lower energy, to investigate whether the low energy 
excitations vary at the nanometre scale along with the atomic ordering. 
5.7 Conclusions  
In summary, we have found a short-range ordered TMD alloy using ADF-STEM 
imaging to directly reveal the inhomogeneous distribution of Nb atoms. The visual 
 
Figure 5.17. Low loss STEM-EELS of monolayer Nb0.1W0.9S2. (a) ADF-STEM image of a 
monolayer Nb0.1W0.9S2 sandwiched by a top and bottom layer graphene. (b) Low loss EELS 
spectra integrated from a Nb0.1W0.9S2 and WS2 region as indicated in a blue and red box, 
respectively, on the same flake. Small features are found around 3.5 eV and 8.2 eV. 
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observations from the images have been validated by quantitative statistical analysis 
using the Warren-Cowley SRO parameters. DFT calculations applied to the common 
atomic configurations selected from the real images shows that segregation of the Nb 
atoms would be expected. The observation of lines of Nb atoms thus indicates that both 
thermodynamics and kinetics are important to create this ordering during growth. 
ARPRS was used to investigate anisotropic optical properties, but no influence of the 
ordered oriented atomic lines was found. Since the ordering is short range, rather than 
periodic uniform lines, it shows few polarisation features. ARPES measurements directly 
demonstrate that the chemical potential is deep in the VB, such that the alloy flakes 
should be metallic, however, PL emission is observed from their monolayers with peak 
emission positions similar to those of the pure material. The local electronic structure of 
the monolayer Nb0.1W0.9S2 was probed by LL-STEM-EELS with atomic-resolution, to 
try to reconcile the optical activity (due to excitons localised at the nanoscale) to the 
measured band structure (averaged at the micrometre scale). Although evidence for 
exciton peaks were found in the low loss spectra, these were found to be homogeneous 
over the length scales of the ordering. Further investigations would be required to resolve 
this behaviour. 
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Chapter 6: Conclusions and Future 
Works  
6.1 Conclusions of this thesis  
This thesis makes contributions to our understanding of 2D semiconductor alloys, 
focussing on determining the atomic structure and correlating this to the resultant 
electronic structure. The synthesis by CVT of single crystals of pure TMDs and TMD 
alloys (including Mo1-xWxS2, Nb0.1W0.9S2, Nb0.17W0.83Se2, WSeS and WSe2) has been 
presented, and various fabrication techniques developed to exfoliate monolayer flakes 
from these crystals and build them into van der Waals solids with artificial sequences. 
Detailed studies on two kinds of alloys are discussed: Mo1-xWxS2 was found to have 
random transition metal distributions, whilst short-range ordering was observed in 
Nb0.1W0.9S2. The evolution of the electronic structure of Mo1-xWxS2 has been 
investigated in detail through comparison between ARPES measurements and first 
principles calculations. Meanwhile, the effect of the ordered atomic lines in Nb0.1W0.9S2 
on the lattice vibrations and electronic structure has been studied.  
For synthesis of TMD alloys, previous reports have shown that CVT results in more 
homogeneous synthesis than CVD. The growth conditions e.g. source temperature, 
growth temperature, the growth time and transport agents, etc. can have a significant 
influence on the synthesis process and the resultant material. For CVT, appropriate 
parameters have been found for the growth of Mo1-xWxS2 and Nb0.1W0.9S2 alloys, 
successfully growing single crystals up to a few centimetres across.  
Fabrication techniques for the assembly of van der Waals stacks have been developed, 
including a dry transfer system, and optimised for the sample designs required for this 
thesis. PDMS and PMMA based transfers have proved effective for the fabrication of 
different types of samples. Moreover, a novel transfer method was developed to prepare 
graphene encapsulated TMD flakes for HRTEM analysis.  
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The atomic structure of Mo1-xWxS2 alloys has been visualised by atomic resolution 
STEM images. Their elemental distributions have been quantitatively analysed by 
comparison with Monte Carlo simulations parameterised by first principles calculations. 
Statistical analysis of the distribution of W atoms is consistent with an essentially random 
distribution, as expected due to the small energy associated with placing W atoms next 
to one another and the high growth temperature. 
Electronic structure measurements and calculations were applied to the Mo1-xWxS2 
alloys. Band parameters were extracted and compared for both the theoretical and 
experimental results. It is clear that alloying can be used for band structure engineering, 
continuously tuning the band structure parameters, such as the band gap, effective mass, 
SOC and even the order of the bands, across the alloy compositions. It is found that the 
VB SOC changes linearly with composition without bowing, resolving a conflict in the 
literature between prior optical spectroscopy measurements of Mo1-xWxSe2 alloys which 
showed bowing in the energy difference between A and B excitons compared to first 
principles calculations which predicted a linear dependence of VB SOC on composition. 
Moreover, even though for intermediate compositions the CB SOC is less than the 
disorder potential due to alloying, spin-valley locking is still retained as shown by optical 
spectroscopy. These results demonstrate that alloying TMDs is an effective approach for 
spin-orbit engineering of 2D semiconductors and hence realising their potential for 
valleytronic and spintronic applications.  
In contrast to the Mo1-xWxS2 alloys, short-range ordering has been observed in ADF-
STEM images of the TMD alloy Nb0.1W0.9S2. This is apparent from visual inspection of 
the images and has also been confirmed by quantitative statistical analysis through 
determination of the Warren-Cowley SRO parameters. DFT calculations, on selected 
atomic configurations from the real ADF-STEM images, have shown that it is 
energetically favourable for Nb atoms to segregate. This on its own does not explain the 
observation of lines, rather than clusters. The atomic lines are observed to align across a 
monolayer, but in subsequent layers the orientation of the lines can change. This indicates 
that the directional ordering is not due to symmetry breaking by a macroscopic variable, 
such as gas flow or temperature gradient. Rather it is likely that the atomic lines of Nb 
atoms are due to a combination of thermodynamics and kinetic considerations, with the 
lines indicating the direction of the growth front.  
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ARPRS was used to study the influence of the ordered oriented atomic lines on their 
optical properties. Since the ordering is short-range, rather than periodic uniform lines, 
the Raman spectra show few anisotropic features. This demonstrates the importance of 
the atomic-resolution structure analysis: microscopic probes, such as Raman 
spectroscopy, are not always sensitive to this scale of atomic ordering. For comparison. 
ARPES measurements were taken on Nb-containing WSe2 alloys. The chemical potential 
was found to be deep in the VB, such that the alloy flakes should be degenerately p-type 
doped and exhibit metallic behaviour. However, PL emission was observed from their 
monolayers, albeit with emission peaks shifted relative to the pure materials. To resolve 
the conflict between the electronic structure and the optical behaviour, which could have 
been due to localised semiconducting regions, LL-STEM-EELS with atomic-resolution 
was applied to explore the local electronic structure of monolayer Nb0.1W0.9S2. However, 
the flake showed homogeneous properties over the micrometre scale of the ordering. 
Therefore, further investigations are required to resolve the conflict between the atomic, 
electronic and optical properties of these Nb doped alloys.  
6.2 Future work  
Although the LL-STEM-EELS has been applied to monolayer Nb0.1W0.9S2 to probe 
the local electronic structure and the spectra show homogeneous properties over the 
micrometre scale, the experiments can still be improved. Firstly, the width of the intense 
ZLP in the EELS spectrum could be further reduced to a few hundreds of meV by using 
an aberration-corrected STEM with a monochromator. This would make it possible to 
resolve exciton features, such as the A and B excitons91,92. Secondly, isolated TMD 
samples without encapsulations are better for probing the local electronic structures, 
therefore the sample design could be improved.  
Monolayer WS2 is semiconducting while monolayer NbS2 is metallic. Therefore, it is 
reasonable to assume that in ordered alloys of Nb0.1W0.9S2, highly anisotropic electron 
transport should be expected, oriented to the Nb atomic lines. Although there have been 
many reports on the electron transport properties of TMDs, anisotropic transport is 
rare183. Hence, a further extension of this thesis would be electron transport 
measurements along each equivalent crystallographic direction of the hexagonal lattice. 
Continuing in this direction, at low temperatures monolayer NbS2 is superconducting 
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184,185: hence it would be interesting to study the (possibly anisotropic) low-temperature 
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